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ABSTRACT 


In this report, results of an investigation on the transfer and development 
lengths of Grade 270, 15.2 mm (0.6 in.) diameter prestressing strands spaced at 51 
mm (2 in.) on center in a hex close packed pattern in high performance concrete are 
presented. Three box girders with composite topping slabs were tested. These girders 
were 381 mm (15 in.) wide, 553 mm (21.75 in.) high, including the topping slab, and 


10,400 mm (411 in.) long. 


The compressive strength, modulus of elasticity, modulus of mpture, split- 
cylinder strength, creep, and shrinkage of the girder concrete were measured at 
different ages. Concrete compressive strength for the main girder section was 
approximately 54 MPa (7.8 ksi) at release and 77 MPa (11 ksi) at the time of 
development length tests, while the strength of the topping slab concrete was 
approximately 57 MPa (8.3 ksi) at the time of development length tests. The girders 
were pretensioned using nine strands with a strand stress just before release of about 
1407 MPa (204 ksi). The strand was supplied by a single manufacturer. Pullout tests 
were conducted on samples of prestressing strand and strand slip at stress transfer was 


measured. 


Transfer length was determined by measuring concrete strain at the concrete 
surface with a mechanical strain gage. Strain profiles were constructed from these 


measurements and the 95% Average Maximum Strain Plateau method was used to 


determine the transfer length at each end of a girder. The average transfer length for 


these girders was determined to be 593 mm (23.4 in.). 


The development length was measured using an iterative testing process 
involving six flexural tests. Each end of a girder was loaded to failure at a distance 
from the end of the girder equal to the estimated development length. The estimated 
development length was revised after each test until the required development length 
was found. Deflections, strand slip, concrete surface strain, and applied load were 
monitored throughout each test. The development length for these girders was 


determined to be approximately 1524 mm (60 in.). 


The ACVAASHTO formulas for transfer and development length 
overestimate the transfer length of the girders by 18% and the development Jength by 
53%. The average maximum pullout force attained in the strand pullout tests was 215 
KN (48 kips). The average strand slip measured at stress transfer was 1.49 mm (0.059 


in.). 
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1. INTRODUCTION 


1.1 BACKGROUND AND PROBLEM STATEMENT 


During the last 40 years, prestressed concrete has seen increasing use in 
structural design, particularly in bridge structures. Prestressed concrete offers 
substantial benefits to the bridge designer, especially in spanning long distances and 
maintaining a large span-to-depth ratio. Over the years, these abilities have been 
enhanced by the use of higher strength concrete and larger diameter, higher strength 


prestressing strands. 


The force in prestressing strand is transferred to the concrete in pretensioned 
members by bond between the strand and the concrete. Increases in concrete 
strengths, strand diameters, and strand strengths have led to greater strand forces, and 
thus, increased demand on the bond. For safe and effective use of these new materials, 


the nature of the bond must be fully understood. 


In 1988, the Federal Highway Administration (FHWA) issued a memorandum 
which required that the required development length be increased to 1.6 times the 
development length stipulated in the AASHTO Specifications [1]. Additionally, the 
minimum spacing of strands must be four times the strand diameter and the use of 
15.2 mm (0.6 in.) diameter strand was disallowed. These requirements were instituted 


because the AASHTO formulas are based on tests using lower strength materials and 


Figure i.l - Existing Bridge ai J-25 aver Yale Avenuc 


smaller strand diameters und hocause recent test results had iec to the vucstioning o 


ibe corscrvetism of these formelus. 


As aresui of this memorandum, a number of research programs were iatiated 
io investigate the hond, and transier und developmen: tength m prestressed conerie, 
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yretersioncc box girders with a compnsite deck, This program wos sponsored by 


2 


FHWA as one of the nationwide showcase projects on the use of HPC in bridge 


structures. 


The box girders, shown in Figure 1.3, are 1700 mm (66.9 in.) wide by 750 mm 
(29.5 in.) deep and are pretensioned with Grade 270, 15.2 mm (0.6 in.) diameter 


prestressing strands spaced at 51 mm (2 in.) on center. The concrete strength for these 


18 165 23 835 


1520. 1 1520 


3 lanes @ 3600 
= 10 800 


Guardrail Type 4 
(Style CC) 


Existing 1524 mm 
Sound Barrier to 


be reset on eae 
Rot Type 4 (typ. 


| 62 mm/mm 
aa: 


Bridge Roi 


Type 4 (typ-) 


it 

24 ‘Existing atructure 
F=17=DA to be 
removed 


SECTION 
(Taken at Horiz. Ctrl. Line) 


Longitudinal Section 


Figure 1.2 - Replacement Bridge 


Form slot (full length) mien? @>120" of 
@<60" to perm girder to set fiat on baaring. 


Reinfercing axtands through alat. Fill slat with 


v tenelonead stranda may 
i Be oe on altemate. 


fm | )3 


0M (|s (Project 450) 


TYPICAL SECTION 


Figure 1.3 - New Bridge Girder (Strands in Bottom Flange not Shown) 


girders was specified to be 45 MPa (6.5 ksi) at transfer and 69 MPa (10 ksi) at 56 
days after casting. The use of high performance concrete and large diameter strand 
was necessary to achieve the desired Jong spans while maintaining a high span-to- 
depth ratio. The maximum span-to-depth ratio of the bridge girders is about 40. The 
use of high performance concrete was also desirable from a durability standpoint. The 
concrete for the topping slab was specified to have a compressive strength of 40 MPa 


(5,800 psi). 


A number of girders and portions of the deck of the completed bridge will be 
instrumented to measure temperature and Strain variations, and to determine the 
behavior of the superstructure under prestress loss, creep, shrinkage, temperature 


changes, and dead and live loads. 


1.2 OBJECTIVES AND SCOPE OF THIS STUDY 


At the time this project was initiated, the use of 15.2 mm (0.6 in.) diameter 
strand at 51 mm (2 in.) spacing was prohibited by FHWA unless there was 
experimental verification demonstrating the adequacy of the transfer and development 


length provided. This test program was conducted to satisfy this requirement. 


The primary objective of this study was to demonstrate the adequacy of the 
transfer length and development length of the strands to be used in the prestressed 
concrete bridge girders in the new bridge mentioned previously. Specifically, pursuant 
to FHWA's objectives, this project was intended to provide data for the transfer length 
and development length of 15.2 mm (0.6 in.) diameter strands at 51 mm (2 in.) 
spacing in a high strength (10 ksi) concrete. A secondary objective was to verify the 


instrumentation techniques to be used in the actual bridge. 


Three girders of identical designs were cast for use in the testing program. 
These girders, designed by CDOT, were scaled down versions of the actual girders to 
be used in the bridge. The strand size and spacing, concrete strengths, and strand 
Stresses at the ultimate flexural capacity were approximately the same as those in the 
actual girders. Both ends of the girders were instrumented at the time of casting to 
determine the transfer length. The girders were tested to failure in an iterative process 


to determine the development length. 


1.3 ORGANIZATION OF REPORT 

Chapter 2 of this report provides background information on theories and 
other studies pertaining to transfer and development length of pretensioned members. 
In Chapter 3, the test program is described in detail. The results of the tests are 
presented in Chapter 4. In Chapter 5, the test results are discussed and compared to 
the values calculated with the formulas given in the AASHTO Specifications [1] and 
with formulas developed in previous research. A summary of this study and the 


conclusions drawn from it are presented in Chapter 6. 


2. TRANSFER AND DEVELOPMENT LENGTH 


In a prestressed concrete member, the prestressing force is transferred to the 
concrete through the bond between the strand and concrete. The bond length 
necessary for this transfer is termed the transfer length. The total embedment length of 
strand required to develop the maximum flexural capacity at a cnitical section of a 


member is termed the development Iength. 


Previous research has indicated that a number of variables can affect the 
transfer and development length. To date, no comprehensive theory has been 
developed which can accurately account for the influence of all of these variables. 
However, many empirical and semi-empirical design equations have been proposed to 


assess transfer and development length. 


In this chapter, previous research on transfer and development length of 
prestressing strands is reviewed. First, early research and development of the ACI and 
AASHTO formulas for transfer and development length are presented. Results of later 
research and concerns raised about the conservatism of these formulas are then 
discussed. Finally, design equations proposed by different researchers are 


summarized. 


Transfer Length 


Stress 


Provisions 


8 
Cy 
a | 
7) 
o 
s 
p 
jar 
© 
> 
Ss 
3 
P= 
a) 


Bond Stress 


Distance from Free End 


Figure 2.1 - Steel and Bond Stresses in the Transfer Region 
2.1 BASIC CONCEPTS 


2.1.1 Transfer Bond Stress and Length 


Transfer length, shown in Figure 2.1, 1s the embedment length of strand over 
which the prestress force is transferred to the concrete. The length of embedded strand 


required to transfer this force depends on the bond stress developed between the 


Strand and the concrete. 


Bond stress in the transfer region is developed primarily through mechanical 
interlock and frictional resistance [11]. These mechanisms develop when the strand 
slips relative to the concrete. Upon release of the prestressing force, slip occurs 


throughout the transfer region, destroying any chemical adhesion which may have 


developed between the strand and the concrete. The magnitude of this slip varies from 


zero at the end of the transfer region to a maximum at the free end of the strand. 


Frictional resistance is enhanced through mechanical interlock and radial 
expansion of the strand. Radial expansion of the strand occurs as a result of Poisson’s 
effect and develops in proportion to the reduction in stress the strand experiences 
from the jacking force. Upon transfer of prestress, strand stress is reduced in the 
transfer zone due to slip and the elastic shortening of the beam. This reduction in 
stress leads to radial expansion of the strand. The concrete resists this expansion, 
leading to the development of radial stress and, thus, enhancement of the frictional 


forces between the concrete and the strand. 


At the free end of the strand, the entire prestress is lost, and the strand tends to 
return to its original unstressed diameter. This results in the development of 
significant frictional resistance. It is referred to as Hoyer effect. The reduction in 
stress and, thus, the radial expansion of the strand decreases as the end of the transfer 
region is approached. Therefore, the contribution to frictional resistance from this 


effect is reduced as the end of the transfer region is approached. 


Mechanical interlock is developed due to the helical shape of prestressing 
strand. If the strand is restrained from twisting throughout the concrete, resisting 
forces, similar to those developed by the deformations provided on ordinary 
reinforcing bars, develop along the interface between the outer wires of a strand and 


the concrete. The frictional resistance developed at the free end of the strand due to 


radial expansion arrests twisting of the strand. Thus, mechanical interlock forces are 


able to develop throughout the transfer region. 


The actual variation of bond stress in the transfer region is difficult to 
characterize precisely. However, based on experimental data, a generally accepted 
model for the variation of bond stress in the transfer region has been developed [1, 2, 


11). 


As shown in Figure 2.1, bond stress is a maximum near the free end of the 
strand where resistance due to radial expansion of the strand and mechanical interlock 
are fully effective. As the resistance due to radial expansion of the strand decreases, 
the bond stress drops off to an approximately constant value. Near the end of the 


transfer region, slip and bond stresses drop to a value of zero. 


Strand stress is directly related to bond stress through equilibrium and can, 
thus, be inferred from the bond stress distribution. As shown in Figure 2.1, strand 
stress increases progressively from zero at the free end of the strand to the effective 
prestress at the end of the transfer region. Steel stress varies approximately linearly 
with distance throughout most of the transfer region, with nonlinear regions at the 


beginning and the end of the transfer region due to the changes in bond stress. 


2.1.2 Flexural Bond Stress and Length 


Flexural bond length, shown in Figure 2.2, is defined as the length of 
prestressing strand beyond the transfer zone that is required to anchor the strand 


sufficiently to develop the maximum strand stress at ultimate flexural failure. This 
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Figure 2.2 - Strand Stresses at Bond Failure 
length depends on the flexural bond stress developed between the strand and the 


concrete. 


As load is applied to a member, strand tension and flexural bond stress 
increases. Before concrete cracking occurs, the increase in bond stress is typically 
very small and no slip occurs in the flexural bond length region [11]. Thus, chemical 


adhesion contributes to the bond in this region. 


Upon the appearance of a crack, there is a transfer of stress from the concrete 
to the strand in the cracked region. The bond stress demand increases dramatically in 
this region. Upon reaching the limiting bond stress value, localized strand slip occurs, 
which leads to a redistribution and relief of these high bond stresses over a greater 


length of strand [11]. 
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Chemical adhesion is destroyed in the localized slip region, and mechanical 
interlock and frictional resistance are responsible for maintaining the bond stress. 
Furthermore, because strand stress in a cracked region is greater than the initial 
prestress, the strand shrinks in diameter, and frictional resistance due to radial 


expansion of the strand is reduced. 


As the load continues to increase, flexural cracking propagates towards the 
ends of the member and flexural bond stresses continue to increase. This progression 
has been characterized as a wave of flexural bond stresses moving towards the ends 


of the specimen [11]. 


If the external loading on a member is large enough, the member will fail in 
shear or flexure, or the increase in flexural bond stress will reach the transfer region. 
Bond stress in the transfer region is considered to be at the limiting bond stress value. 
Thus, if bond stress is further increased, due to the flexural bond stress, the limiting 
bond stress value will be exceeded in the.transfer region and a general bond failure 


will occur. 


Previous studies have noted that, in addition to flexural cracking, web shear 
cracking can lead to bond failure [8, 16]. It is not clear, however, whether the ultimate 
failures observed were introduced by shear failure leading to bond failure or, 
conversely, bond failure leading to shear failure [5]. However, theoretically, any 
cracks which propagate into the strand anchorage zone at the strand level could lead 


to a sufficient increase in bond stress to precipitate a general bond failure. 


The assumed state of strand stress just before general bond failure is shown in 
Figure 2.2. The strand stress is assumed to vary along a smooth curve from the 
effective prestress at the end of the transfer region to the maximum strand stress at 
failure at the critical section. In reality, the flexural bond stress may be significantly 
higher in cracked regions. However, this variation is smoothed out, to some extent, by 


strand slip and the accompanying redistribution of bond stress. 


2.1.3 Development Length 


Development length is defined as the total embedment length of strand 
required to develop the maximum flexural capacity at a critical section of a member. 
It is calculated as the sum of the transfer length and the flexural bond length, as 


shown in Figure 2.2. 


2.1.4 Parameters affecting Transfer and Development Length 


Transfer and development length are affected by a number of parameters. 


These parameters include: 


Strand diameter 


» Spacing of strand 

e Manufacturing process of strand 
e Surface condition of strand 

e Strand stress 


e Strength, consistency, and degree of consolidation of concrete around strand 


e Concrete cover 

e Confinement steel 

e Type of release 

e Type of loading 

e Time dependent effects 

The parameters which are thought to have the greatest influence on transfer and 


development length are discussed in more detail below. 


2.1.4.1 Strand Diameter 


Experimental results indicate that transfer and development length tends to 
increase in an almost linear manner with increases in strand diameter, d, [8, 10, 11, 
16, 18, 19]. This relationship can be demonstrated theoretically by setting the force in 
the stee] equal to the total bond force over the embedment length as follows. 

WX, = fA, (2-1) 
in which pf is the average bond stress over the embedment length, /,, 2, is the 


perimeter of the strand, f, is the strand stress at /., and A, is the area of the strand. 


Substituting ad, for the strand perimeter, nd,’/4 for the strand area, and 


solving for the embedment length, one has 


me? 
aad (2-2) 


Thus, for a given bond strength and steel stress, the required embedment length is 


linearly proportional to the strand diameter. 


2.1.4.2 Manufacturing Process of Steel 


The manufacturing process used to produce prestressing strand has been 
considered as the main contributor to the variation of strand bonding capacity [13]. 
The lubricant used and lay of the strand are thought to contribute the most variability 
to bonding capacity. Differences in the lay of the strand can affect mechanical 


interlock, while the lubricant used can affect frictional resistance. 


2.1.4.3 Surface Condition of Strand 


Strand condition at the time of casting has been shown to significantly 
influence bonding capacity [6, 8, 10, 11, 12]. In the process of manufacturing and 
installing strand, the strand surface can be contaminated by various chemicals. These 
chemicals include various stearates left over from the manufacturing process and 
various form release agents used in casting of prestressed members. Uncoated strand 
may also rust if not protected from weathering. The resulting surface conditions can 
have a significant effect on the adhesion and friction developed between strand and 
concrete and can, thus, severely affect bond capacity. Generally, a rusted, relatively 
contaminant free strand will develop a greater bond stress than an unrusted, 
contaminated strand. Additionally, epoxy coated strand with embedded grit, will 


typically sustain higher bond stress than an uncoated strand [6, 13]. 


2.1.4.4 Strength, Consistency, and Degree of Consolidation of Concrete Around 
Strands 


The quality of the concrete used in a member has a significant effect on the 


bond developed between the concrete and the strand. Higher strength concrete has 
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demonstrated higher bond stress capacity than lower strength concrete [12, 16]. This 
appears to stem from the higher stiffness of the concrete and its greater capacity to 
resist high shear forces at the concrete to strand interface. The concrete must be in 
good contact with the strand and of consistent quality to develop the bond 
mechanisms discussed previously. Thus, higher bond capacity is achieved with 
increased consistency and degree of consolidation of the concrete around the strands 


[3, 4]. 


2.1.4.5 Type of Release 


The manner in which prestress ts released, gradual or sudden, has been shown 
to significantly affect transfer length. Typically, sudden release, by flame or saw 
cutting, results in a 20% to 30% longer transfer region than that obtained using a 


gradual release method [12]. 


2.1.4.6 Strand Stress 


The steel stress at transfer of prestress clearly affects the required transfer 
length. With increases in steel stress, for a given bond stress, the transfer region must 
also increase in length to maintain equilibrium. This relationship is evident in Eq. (2- 
2) where, for a given bond stress and strand diameter, the required embedment length 


is directly proportional to the strand stress, 


The strand stress at failure affects the required flexural bond Jength. As strand 


stress increases, bond stress demand increases, while strand diameter and, thus, 


frictional resistance decreases. The increasing bond stress demand and decreasing 


frictional resistance lead to a longer flexural bond length requirement. 


2.2 EARLY RESEARCH 


2.2.1 Study by Janney 
In1954, Janney published the results of one of the pioneering studies on the 


nature of bond in prestressed concrete [11]. In this study, Janney developed methods 
for measuring transfer and flexural bond in specimens which are still used today. He 
also proposed a theoretical model for transfer length and a generally accepted theory 


for flexural bond stress behavior. 


Janney’s experimental program consisted of two test series. The first 
investigated transfer bond, and the second investigated flexural bond. In each series, 
concrete prisms of varying strength were cast and prestressed with wire or strand of 


varying diameters. 


2.2.1.1 Transfer Bond Model 


To measure transfer bond stresses, strains along the length of each prism were 
measured after prestress release. From these measurements, the variation of strand 


stress and transfer bond stress with length was deduced. 


As part of this investigation, Janney also proposed an approximate model for 


the variation of transfer bond stress, which is presented in the following. 
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The transfer bond model developed by Janney assumes that transfer bond is 
affected by friction only and is based on an elastic thick-walled cylinder analogy. The 


following derivation is adapted from Janney’s report. 


A reduction of tension at any point along a pretensioned wire, which is free to 
expand, from an initial value fio to a value f, will result in an increment of radius as 


follows. 


(2-3) 


Vv 
Ar, =r( fio —Ff,) : 


E 
in which y, is Poisson’s ratio of the wire, E, is the elastic modulus of the steel, and r 


ts the radius of the wire. 


However, if the wire is surrounded by concrete, the actual increase in radius 
must be compatible with the radial displacement of the concrete. When the concrete 
section is large in comparison with the wire radius, the elastic theory of a thick-walled 
cylinder gives the following change of the wire radius due to the radial stress imposed 


by the surrounding concrete. 


(2-4) 


in which o; is the radial stress in the wire, v, is Poisson’s ratio of the concrete, and EF, 
is the elastic modulus of the concrete. The radial stress in the wire is equal to the 
contact pressure between the steel and concrete and can be found by the following 


equation. 
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E, 
ard id lite 7 (2:5) 


" r(1-v,) ary (1-v,) 
which results in 


(FarTeN: 


a ae ES 57 
(I-v,)+04v = a 


c 


From equilibrium, the bond stress at any point, i, is 


df. r 
et ede ye 
dl 2 2) 


If the bond is entirely due to friction, it is directly related to o, by the 
coefficient of friction ¢. This leads to 
= $0, (2-8) 


Substituting Eq. (2-8) in Eq. (2-7) yields 


df, (2-9) 


Substituting o, from Eq. (2-6) into the above equation and integrating it with the 


boundary condition that f=0 at /=0, one obtains 


¢c 


E; so” Js 
. {o-v, )+ (r+v,)% palonh ooh 
] a s0 


20ov 


or 
cf ee F at 26v,1 
fo 0-v,)+0+v | 


(4 


(2-11) 
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Equation (2-11) is plotted in Figure 2.3 for various values of the friction 
coefficient, @, with fig = 1407 MPa (204 ksi), r = 7.6 mm (0.3 in.), v, = 0.29, vy. = 
0.15, EZ, = 197879 MPa (28700 ksi), and E, = 34474 MPa (5000 ksi). The shape of 


these curves is similar to experimentally observed stress transfer distributions. 


As Janney pointed out, this model has several shortcomings and is only useful 
as a qualitative model of transfer bond stress behavior. The primary problems with 
this model stem from the use of friction as the only bond mechanism and the 


assumption of elastic behavior. 


For prestressing wire, friction is undoubtedly the largest contributor to bond 
strength in the transfer region. However, for prestressing strand, it is generally agreed 
that mechanical interlock contributes a significant portion of the transfer bond 


Strength and that this contribution cannot be neglected. 
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Figure 2.3 - Theoretical Stress Transfer Distribution for 15.2 mm (0.6 in.) Diameter 
Strand 


Additionally, the assumption of elastic concrete behavior is violated for much 
of the first portion of the transfer region. For example, with the parameters used to 
generate the curves in Figure 2.3, Eq. (2-6) leads to 

6, = 00382(f,9 — f,) 
At the end of a member, where the entire prestress of 1407 MPa (204 ksi) is released, 
the resulting radial compression, o,;, is 53.7 MPa (7.8 ksi). For elastic conditions and 
small wire diameter, the tangential tension in the concrete at the interface would be 
approximately equal to the radial compression of 53.7 MPa (7.8 ksi), which is well 
beyond the elastic limit of concrete in tension. Thus, this theory would not be 
expected to mode] the bond stress in an accurate manner for a significant portion of 


the transfer region. 
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2.2.1.2 Flexural Bond 


To measure flexural bond stresses, short beam specimens were loaded to 
failure by Janney using centerpoint loading [11]. Strand strain was measured at 
selected points along the strand using electrical strain gages. From these 
measurements, average flexural bond stresses at failure were deduced along the Jength 


of the specimens. 


The results of these tests indicate that, as the load increases, flexural bond 
stresses increase and progress towards the end of the beam in a wave-like fashion. 
Janney assumed that if this wave of flexural bond stress reached the transfer region 
before flexural failure occurred, a general bond failure along the strand length would 
occur. This theory was subsequently confirmed by Hanson and Kaar and is the 


commonly accepted model for flexural bond stress behavior today [10]. 


2.2.2 Study by Hanson and Kaar 


In 1959, Hanson and Kaar published the results of their study of flexural bond 
in pretensioned beams [10]. The objectives of their investigation were to develop a 
theory of bond action predicting ultimate strength in bond and to study the influence 
of various factors on bond performance of prestressing strand. The test program 
involved the investigation of the flexural bond strengths in 47 beam specimens 
prestressed with Grade 250 strand. Strand diameters of 6.4, 9.5, and 12.7 mm (0.25, 
0.375, and 0.5 in.) were used in the study. Concrete strengths at 28 days ranged from 


35 MPa (5.0 ksi) to 54 MPa (7.8 ksi). 
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Each specimen was instrumented with strain gages and tested to failure. Steel 
strains during testing were continuously recorded and were converted to steel stresses 


for use in the analysis of flexural bond stresses. 


Hanson and Kaar calculated the average flexural bond stresses for their test 
specimens and derived equations to predict bond stress at general bond failure. Based 
on this model, they were able to suggest minimum embedment lengths to develop full 


strand strength at failure. 


Average flexural bond stresses were calculated based on equilibrium. Setting 
the force in the strands equal to the force due to bond stresses yields 
Wd, = fA, (2-12) 


in which all the terms have been defined previously. 


Solving for the average bond stress, y1, yields 


_ ie 
in 1,2, 


(2-13) 
Applying this equation to their experimental results, they were able to calculate the 
average bond stress at general bond slip for each of the embedment lengths tested. 


Their results for the 12.7 mm (0.5 in.) diameter strand used in their study are shown 


in Figure 2.4. 


Equation (2-13), with the appropriate values for A, and 2, and with jf, equal to 
the ultimate strand stress, was also used to calculate the average bond stress required 


to develop the ultimate strength of a particular strand for particular embedment 
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lengths. The values derived by Hanson and Kaar for the 12.7 mm (0.5 in.) diameter 


strand used in their study are plotted as the heavy line in Figure 2.4. 


Hanson and Kaar then attempted to find the variation of the flexural bond 
stress immediately prior to general bond failure. The average transfer bond stress was 
assumed equal to 2.8 MPa (400 psi) for any strand diameter and the flexural bond 
stress curve was assumed to be smooth with a peak value of 2.8 MPa (400 psi) at the 
end of the transfer region. The average transfer bond stress of 2.8 MPa (400 psi) was 
based on prior tests performed at the Portland Cement Association. Based on these 
assumptions, they derived a curve which represented the lower limiting values of 
bond stress at general slip versus distance from the end of the transfer region for all 
strand diameters. Using this curve, they were able to calculate the average bond stress 
over a particular embedment length at which general bond slip would occur. These 
values have been plotted for various embedment lengths to form the curve shown in 


Figure 2.4 as a thin line. 


In Figure 2.4, the embedment length at which the thin and the heavy Lines 
intersect is the minimum required embedment length for 12.7 mm (0.5 in.} diameter 
strand if the ultimate strength of the strand is to be developed before general bond 
failure occurs. Hanson and Kaar derived similar curves for each strand diameter 
investigated and recommended minimum embedment lengths based on the 
embedment lengths at which the respective curves intersected. For Grade 250 strand 
which is gradually released, initially prestressed to about 1034 MPa (150 ksi), and 


embedded in concrete with a compressive strength of about 36 MPa (5.5 ksi), they 
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Figure 2.4 - Variation of Average Bond Stress with Embedment Length 
(1 in. =25.4 mm; I psi = 6.89x10° Pa) 


suggested minimum embedment lengths of 1778 mm (70 in.) for 6.4 mm (0.25 in.) 


strand, 2692 mm (106 in.) for 9.5 mm (0.375 in.) strand, and 3404 mm (134 in.) for 


12.7 mm (0.5 in.) strand. These values are significantly larger than those obtained 


using the current ACI expressions for development length, which are based, in part, 


on this study. 


2.2.3 Study by Kaar, LaFraugh, and Mass 


In 1963, Kaar et al. published the results of their study on the influence of 


concrete strength on strand transfer length [12]. The test program involved the 


investigation of the transfer lengths of 18 beam specimens prestressed with stress 


relieved Grade 250 strand. Strand diameters of 6.4, 9.5, 12.7, and 15.2 mm (0.25, 
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0,375, 0.5, and 0.6 in.) were used in the study. Concrete strengths at 28 days ranged 


from 11 MPa (1.6 ksi) to 38.6 MPa (5.6 ksi). 


Strains were measured along the length of each specimen and used to deduce 
the transfer length. Average transfer lengths of 267, 572, 876, and 889 mm (10.5, 
22.5, 34.5, and 35 in.) were reported for strand diameters of 6.4, 9.5, 12.7, and 15.2 


mm (0.25, 0.375, 0.5, and 0.6 in.), respectively. 


Using these results, the authors concluded that transfer length varies 
approximately linearly with strand diameter. The slope of this line, for an effective 
prestress of 1207 MPa (175 ksi), was equivalent to a uniform bond stress of 
approximately 1.7 MPa (250 psi). It should be noted that this bond stress is 
significantly lower than the value of 2.8 MPa (400 psi) cited in the study by Hanson 
and Kaar [10]. The authors also concluded that concrete strength had no significant 


influence on transfer length. This contradicts other studies [12,16]. 


2.3 ACV/AASHTO EQUATIONS 

The current ACI and AASHTO equations for transfer and development length 
are essentially identical. The expressions were derived by Mattock and are based 
primarily on the test results of Hanson and Kaar [10], and Kaar et al. [12]. The 
expressions developed were first introduced in the 1963 edition of the ACI-318 
Building Code, and were subsequently adopted in the AASHTO specifications in 


1973: 
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2.3.1 Transfer Length 
The expression for transfer length, as presented in the AASHTO 


Specifications [1] and ACI-318 [2], is 


L =2“d, (2-14) 


in which L, is the transfer length in inches, f,, is the effective prestress in ksi, and d, is 


the nominal strand diameter in inches. 


This expression for transfer length was derived using the average transfer 
bond stress of 2.76 MPa (400 psi) reported by Hanson and Kaar in their 1959 study. 
Although Hanson and Kaar did not provide specific published results to support this 


value, Mattock felt that this value was reasonable. 


Using this information, and the fact that the transfer bond force must be equal 
to the force in the prestressing steel, one has 
pel, = Af, (2-15) 
where 


pi = average bond stress = 2.76 MPa (0.4 ksi) 
2)= actual circumference of 7-wire prestressing strand = ——~ 
L, = transfer length 

2 


Td, 
As = actual area of Grade 250 prestressing strand = 0.7257" 


d, = nominal strand diameter 
Soe = effective prestress 


The constant, 0.725, in the expression for A, is the ratio of the actual area of Grade 
250 strand to the area of a circle of the same nominal diameter. Substituting the above 


values into Eq. (2-15) yields 
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4nd, nd? 
a 5 7 07g i ) fa (2-16) 


Solving Eq. (2-16) for the transfer length, L,, yields 


as aga (2-17) 


1294 > 3 


which is the current ACYAASHTO formula for transfer length. As shown in Figure 
2.2, this equation implies that bond stress is constant and that steel stress increases 


linearly in the transfer region. 


Using the effective prestress of approximately 1030 MPa (150 ksi) in Hanson 
and Kaar’s specimens, Eq. (2-17) simplifies to L=50d,. This is the origin of the 
simplified expression recommended by both the ACI Code and the AASHTO 


Specifications for the calculation of transfer length. 


Mattock compared Eq. (2-17) to results from Kaar et al.’s study as well as to 
the results of tests sponsored by the American Association of Railroads. He concluded 
that the equation represented the average values from these studies reasonably well. It 
is important to note, however, that this equation was meant to be an estimate of the 


average transfer length, and not a conservative lower bound. 


2.3.2 Development Length 
The expression for development length, as presented in the AASHTO and ACI 


codes, is 


if 
3 


L, = d, FT ps - Te Md, (2-18) 
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Figure 2.5 - ACI Flexural Bond Length Equation and Data from Hanson and Kaar 
[20] (1 ksi = 6.89 MPa) 


in which L, is the development length in inches, ff, is the stress in ksi in the strands at 


the nominal flexural capacity, and all other terms are as defined previously. 


This expression is based on a reappraisal of Hanson and Kaar’s data and data 
obtained from the American Association of Railroads. Figure 2.5 shows the data 
points obtained by Hanson and Kaar for increases in steel stress above effective 
prestress at first slip and general bond failure plotted against the flexural embedment 


length, (1.-L,), divided by the strand diameter. 


From the data in Figure 2.5, Mattock derived the following equation. 


ey fr ie 2-19 
ay (2-19) 
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In his opinion, this equation was a reasonable mean line for the points representing 
first bond slip without being overly conservative at larger embedment lengths [20]. 
Substituting the expression for transfer length from Eq. (2-17), and solving for the 


development length leads to Eq. (2-18). 


Although this expression was based primarily on the work of Hanson and 
Kaar, it yields significantly shorter embedment lengths than those recommended by 
them. These differences occur primarily because Hanson and Kaar used conservative 
lower bound expressions in developing their recommendations, while ACI has chosen 


to use a less conservative expression [20]. 


Although this expression was not derived on the basis of measured bond 
stresses in the flexural bond region, it is instructive to derive the average bond stress 
implied by it. Following the logic of the transfer length derivation above, the 


equilibrium expression for the flexural bond length is 


And, 1d; 
us 3 Jp. = 0724 A Je--1. (2-20) 


in which js is the average bond stress over the length of the flexural bond region. 


Solving for ZL, yields 


3x 0.725 
L, = (82s Gu, le. as la, (2-21) 


In the ACI/AASHTO formula, the term (3 x 0.725) / (1 6u i) is unity, implying 


a constant flexural bond stress of y,~ 136 psi. The assumption of a constant bond 


stress implies that, for a given effective prestress, the flexural bond length is only a 
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function of the failure stress and the strand diameter. Technically, because Grade 270 
strand is about 6% larger in cross-sectional area than Grade 250 strand of the same 
nominal diameter, the equations for transfer and development length became invalid 
when the industry switched to the use of Grade 270 strand. However, due to the 


apparently small influence of such a factor, no changes have been made in the codes. 


2.4 LATER RESEARCH 

Since the ACI equations were adopted in 1963, use of high strength strand 
with larger diameters in high strength concrete has become common. Questions were 
raised about the validity of the equations with respect to these new materials. 
Consequently, many studies were completed in an effort to address these concerns. A 
number of researchers found that the equations were unconservative not only for these 
new materials, but also for the materials used in the research which led to the current 


design equations [6, 15, 22]. 


In 1988, because of these results, FHWA issued a memorandum which 
required that development length be increased to 1.6 times the development length 
specified by AASHTO Eq. (9-32) [1]. Additionally, the minimum spacing of strands 
roust be four times the strand diameter and the use of 15.2 mm (0.6 in.) diameter 
strand was disallowed. The new requirements stimulated further research into the 
development length issue. In 1996, based on the results of these recent studies, the 


restriction on the use of 15.2 mm (0.6 in.) diameter strand was lifted. However, the 
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development length requirement is still in effect. Important research related to this 


issue is presented in more detail in the following sections. 


2.4.1 Study by Martin and Scott 


In 1976, Martin and Scott re-evaluated data from Hanson and Kaar’s and Kaar 
et al.’s test programs [15]. This program was initiated primarily to address concerns 
about recent bond failures which seemed to indicate that the ACI provisions for 
development length were unconservative. They also addressed design of members 


with short spans, where the required embedment length could not be developed. 


Using failure stress versus embedment length data from Hanson and Kaar’s 
study, they derived bi-linear curves for the variation of the maximum allowable strand 
stress at failure, f,,, with respect to distance along the member. For a distance, /, from 
the end of a member less than 80d,, they proposed the following equation. 

lL | 135 

< —_ | —— : 
a 80d, e +31] (2-22) 
in which f,; is in ksi and d, is in inches. The value of 80d, is their recommended value 
for the transfer length. This value appears to be a conservative estimate from the 
results of Kaar et al. [12]. 
For | greater than 80d,, they recommended the following equation. 
135 0392 


<= + - 
fy S Gust G (2-23) 
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These equations were intended to give the designer a means of designing members 


where there is insufficient embedment length to satisfy the ACI provisions. 


Substituting values for nominal strand diameter and using a failure stress of 
1586 MPa (230 ksi) yields their recommended values for development length. They 
recommended values of 1016, 1778, and 2540 mm (40, 70, and 100 in.) for 6.4, 9.5, 
and 12.7 mm (0.25, 0.375, and 0.5 in ) diameter strands, respectively. Due to their 
conservative use of Hanson and Kaar’s data, these values are significantly more 


conservative than those recommended by ACI. 


2.4.2 Study by Zia and Mostafa 
In 1977, Zia and Mostafa, under a PCI Feilowship program, completed a 


literature survey addressing the conflict between Martin and Scott’s conclusions and 
previous research conclusions [22]. Transfer length data was compiled from nine 
previous studies for strand sizes from 6.44 mm (0.25 in) to 19 mm (0.75 in) and 
concrete compressive strengths from 11 MPa (1.6 kst) to 77 MPa (11.2 ksi). 


Development length data was compiled from Hanson and Kaar’s study [10]. 


Zia and Mostafa performed a linear regression analysis on the compiled data 


in an effort to deduce an equation for transfer length. This analysis yields 


L= hg ; : i -46 (2-24) 


in which f,; is the initial prestress in psi, fs is the concrete strength at the time of 


transfer in psi, and d, is the nominal strand diameter in inches. This equation provides 
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similar results to ACI’s equation for smaller strand diameters, with increasing 


conservatism for greater strand sizes. 


Zia and Mostafa re-evaluated Hanson and Kaar’s test data. They concluded 
that the actual embedment lengths required to develop the ultimate strength of the 
strands were considerably shorter than those recommended by Hanson and Kaar. This 


led Zia and Mostafa to derive a new equation for development length. 


In developing this equation, they assumed that the strand stress varied from f;e, 
the effective prestress, to f;, the stress in the strand at ultimate flexural failure, within 


the flexural bond region. Based on equilibrium of bond and strand forces, 


_ Sx (Fre Fee) 


=e. = (2-25) 


d, 


in which ZL, is the length of the flexural bond region, and p is the average bond stress 


An average flexural bond stress of 1600 Pa (233 psi) was derived from 
Hanson and Kaar’s data. This bond stress was derived based on a cylindrical element 
of the sarne nominal diameter as a Grade 250 strand. For design purposes, an average 
bond stress of 1380 Pa (200 psi) was recommended by Zia and Mostafa, which led to 
the following recommended equation for flexural bond length: 


Hints) 


402) 20 PS Soe (2-26) 


This expression is identical to the ACI formula, with the exception of the 


factor of 1.25. In the ACI formula, for Grade 250 strands, with the assumption of a 
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cylindrical element of the same nominal diameter as the strand, an average bond 
Stress, U, of 1724 Pa (250 psi) is implied [22]. Thus, Zia and Mostafa’s use of an 
average bond stress of 1380 Pa (200 psi) leads to a 25% increase in the required 


flexural bond length. 


Combining Eqs. (2-24) and (2-26) results in their recommended equation for 


development length as follows. 


L,=15 ; +d, -464+125 f,.- fre dy (2-27) 


cr 


in which all terms are as defined previously. This equation yields development 


lengths about 25% greater than those given by the ACI expression. 


Both Martin and Scott and Zia and Mostafa concluded that the ACI equation 
was unconservative. However, because there is little new experimental data available 
to support their conclusions, none of the proposed changes have been addressed in the 


codes. 


2.4.3 Study by Cousins, Johnston and Zia 


In 1990, Cousins et al. published the results of an experimental program 
investigating transfer and development length of epoxy coated and uncoated strand 
[6]. This research program investigated transfer and development lengths for 9.5, 
12.7, and 15.2 mm (0.375, 0.5, and 0.6 in.) diameter epoxy coated and uncoated 


prestressing strand. 
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The average measured transfer lengths for uncoated 9.5, 12.7, and 15.2 mm 
(0.375, 0.5, and 0.6 in.) diameter strands were 91d,, 100d,, and 93d,, respectively, 
with an initial concrete compressive strength of about 29 MPa (4.1 ksi). These results 


are as much as 65% greater than that required by ACI. 


The average measured development lengths for uncoated 9.5, 12.7, and 15.2 
mm (0.375, 0.5, and 0.6 in.) diameter strands were 1448, 3023, and 3353 mm (57, 
119, and 132 in.), respectively. These results are as much as 113% greater than that 
required by ACT. These results, along with Martin and Scott’s and Zia and Mostafa’s 
findings, raised serious concerns, and led to the issuance of the 1988 FHWA 


memorandum [9]. 


In addition to their experimental results, Cousins et al. proposed analytical 
models for transfer length and flexural bond length. The followmg derivations are 


adapted from their paper [6]. 


2.4.3.1 Transfer Length Model 


Within the transfer length, the steel] stress is assumed to vary from zero to the 
effective prestress. The bond stress is related to the steel stress by the following 


equation. 


_ of,( Ay 
ea (4. G2y 


For small displacements of the strand relative to the concrete, bond stress is 
considered proportional to slip. The region where this proportionality occurs is termed 


the elastic zone. Outside of the elastic zone, the bond stress is assumed to maintain a 
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Figure 2.6 - Assumptions of Transfer Length Model [6] 


maximum, or limiting, value. The region where this upper limit is maintained is 


termed the plastic zone. Figure 2.6 shows a plot of the idealized bond stress with the 
elastic and plastic zones defined. 


The length of the elastic zone can be derived as 


Ui, 
= 2-2 
L, = (2-29) 
Based on Eq. (2-28), the steel stress, f;, at point x in Figure 2.6 is 
f,=f, -05 He — (2-30 
a ee BA, ou 


Furthermore, the area under the y versus / curve in the plastic zone multiplied by the 


strand perimeter is equal to the prestress force, F,, at x, 1.e., 


F,= fA, = L,74,H, (2-31) 
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Solving Eq. (2-31) for L,, the length of the plastic zone, and substituting Eq. (2-30) 


for f, yields 
A A 
L - fA LA of ts (2-32) 


With Eqs. (2-29) and (2-32), the equation for the transfer length is 


ee ee 2 = tet. of te (2-33) 
: ee Ta, B 


This equation for transfer length does not explicitly account for the concrete 


compressive strength, f/;, at transfer. However, previous research has suggested that 


bond strength is proportional to +/f,, . Thus, py, can be expressed as it)4/ f,, in psi. 


The equation for transfer length then becomes 


aA, LL, ie 


L, = ———— + 0 
TA y Ws Fe B | 


To calculate transfer lengths, Cousins et al. derived values for 1, and B from 


(2-34) 


experimental data. They found that the values of |1, for uncoated strand ranged from 
3.8 to 11.2, with an average of 6.7 and a median of 6.85. They recommended using 
uu, equal to 6.7 for design calculations. The value of B varied widely. However, the 
elastic zone made up an average of only 13% of the total transfer length. They 
recommended using an average value of 300 psi/in (0.0814 MPa/mm) for design 


calculations. Using the recommended values and substituting 0.77(nd? vA 4) for the 


strand area and (4/3)(ad;) for the strand perimeter yields 


215f,d, +0.0112f, 
L a (2-35) 
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The factors 0.77 and 4/3 used in the above derivation account for the difference 
between the actual area and perimeter of a Grade 270 strand and those of a cylindrical 


element with the same nominal diameter. 


With Eq. (2-35), transfer lengths for different diameters of uncoated strand 
were calculated. From this, ratios of measured to calculated transfer length were 
computed. The average ratio of measured to calculated transfer length was 1.01 with a 
Standard deviation of 0.26. The above equation was also compared to equations 
proposed previously by other researchers and to the ACI equation. Overall, their 


equation yielded the best correlation to experimental data. 


2.4.3.2 Development Length Model 
Development Length 
Transfer Length,L, | Flexural Bond Length, L, 
ps 
Increasing 


flexural 
stress 


Strand Stress 
a 


Distance from Free End 


Figure 2.7 - Assumptions of Development Length Model [6] 
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As Janney first proposed, with increases in applied load, the stress in the 
strand increases and propagates towards the end of the transfer region. If the flexural 
bond stress “wave” reaches the transfer region, a general bond slip occurs. Figure 2.7 


shows a diagram of this behavior, and the assumptions used in this model. 


The flexural bond length is assumed to have elastic and plastic zones similar 
to those defined in the transfer length model. However, because the elastic region was 
considered to be relatively short, the entire flexural bond length can be assumed 


plastic. 


At failure, the increase in strand force would be resisted by the plastic bond 
stress, Ug, over the flexural bond length. Equilibrium of forces over the flexural bond 
length yields 

= = ites )A, =a (u, \rd, L, (2-36) 


The flexural bond length, Ly», is then 


ae ee ee (2-37) 
td, 


This expression is identical to that derived by Zia and Mostafa in Eq. (2-25). 


Substituting the relation u, =U, Jf. into Eq. (2-37) yields 


A 
Oa ei (area ca (2-38) 
( ‘ [- Vio = 
Combining Eqs. (2-34) and (2-38) gives the following expression for the 


development length: 
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L= Says +05 “% |, tal a (2-39) 


In this expression, the plastic bond stress parameters, py’; and p'y, are assumed to be 


inherently different because of the different bond mechanisms in each zone. 


To calculate development lengths, Cousins et al. derived values for 1, from 


experimental data. The values of 1, for uncoated strand ranged from 0.9 to 2.6. They 
felt that these values varied more than would be desirable. However, based on their 
analysis, they recommended using p., equal to 1.32 for design calculations. Values 


for fp; were calculated using Eq. (18-3) in the ACI Code [2]. 


Using the recommended values and substituting 0.77(nd? / 4) for the strand 


area and (4/3)(ad,) for the strand perimeter yields 


215f_d,+0.0112f, 142.0d 
et ofa fe) 


Using Eq. (2-40), development lengths for different diameters of uncoated 


(2-40) 


strand were calculated. From this, ratios of measured to calculated development 
length were derived. The ratios of measured to calculated development length ranged 
from 0.76 to 1.18. The above equation was also compared to equations proposed by 
previous researchers and to the ACI provision. Overall, their equation yielded the 
most conservative results; however, the results still showed poor correlation to the 


experimental data. Based on this, Cousins et al. concluded that the development 
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length model required more experimental verification before it would be suitable for 


design use. 


2.4.4 Study by Shahawy, Issa, and Batchelor 
In 1992, Shahawy et al. authored a paper on strand transfer length based on 


their research at the Florida Department of Transportation [19]. In this paper, results 
of an experimental and analytical investigation of the transfer length of 12.7 mm (0.5 
in.) and 15.2 mm (0.6 in.) diameter prestressing strands in full-scale AASHTO girders 
are presented. The main variables in this program were the size of the prestressing 


strand, percentage of shielded strands, and web shear reinforcement ratio. 


Elastic and plastic zones, conforming to the model used by Cousins, Johnston, 
and Zia [6], were observed in the strain measurements for transfer length. Average 
measured transfer lengths for 12.7 and 15.2 mm (0.5 and 0.6 in.) diameter strands in 
girders with unshielded strands were 60d, and 57d, respectively. These values are 
somewhat higher than the ACI value of 50d,, but significantly lower than those 


reported in previous research. 


Results of this study also indicated that the FHWA memorandum prohibiting 
the use of 15.2 mm (0.6 in.) diameter strand at 51 mm (2 in.) spacing was overly 
conservative. The 51 mm (2 in.) spacing, used in several of the girders tested, did not 


result in any significant cracking or deterioration in the girders. 


The transfer iength results were compared with analytical predictions by Zia 


and Mostafa [22], Cousins, Johnston, and Zia [6], ACI, and with (f,;/3)d,. Shahawy et 
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al. concluded that the use of the equation (f,,/3)d,, the ACI equation with the effective 
prestress, f,., replaced by the initial prestress, f,;, resulted in the best correlation to 


their results. Based on this, they recommended the following equation for transfer 


length: 


L, = (Le, (2-41) 


This equation is somewhat more conservative than the ACI expression, 


typically giving values closer to 60d;. 


2.4.5 Study by Mitchell et al. 


In 1993, Mitchell et al. reported the results of their testing program at McGill 
University [16]. Twenty-two precast, pretensioned beam specimens were tested to 
determine the influence of concrete strength on the transfer length and development 
length of prestressing strand. The main variables investigated in the study were 
concrete compressive strength and strand diameter. Concrete compressive strength at 
28 days varied from 31 to 89 MPa (4.5 ksi to 12.9 ksi). Strand diameters of 9.5, 12.7, 


and 15.7 mm (0.375, 0.5, and 0.62 in.) were used in the study. 


The results of this study showed a definite decrease in transfer and 
development length with increasing concrete strength. These results agree with 


previous research which has indicated this correlation [6, 22]. 


The average measured transfer lengths for 15.7 mm (0.62 in.) diameter strand 
were 48d, and 31d, for initial concrete compressive strengths of 21 MPa (3.0 ksi) and 
48 MPa (7.0 ksi), respectively. These results are close to or significantly lower than 
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values predicted by the ACI formula. It must be noted, however, that the prestress was 
released gradually in these specimens and that the transfer lengths measured would 


likely have been longer if the prestress was released suddenly. 


Approximate development lengths for 15.7 mm (0.62 in.) diameter strand 
were 1854 mm (73 in.) and 762 mm (30 in.) for concrete compressive strengths at 28 
days of 31 MPa (4.5 ksi) and 65 MPa (9.4 ksi), respectively. Again, these values are 


well below those given by the ACI formula. 


Based on the clear correlation to concrete compressive strength seen in their 


results, new equations were derived for transfer and development length. 


The researchers used the transfer length equation recommended by Zia and 
Mostafa [22] as a basis for their derivation of a transfer length equation. Incorporating 


new constants to fit their transfer length results yielded the following expression: 


L, =033f,,d, a (2-42) 


Reflecting the study results, this equation typically gives somewhat shorter transfer 


lengths than the ACI formula. 


The authors also derived the following equation for development length, 


incorporating a factor for concrete compressive strength: 
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This equation also typically gives somewhat shorter development lengths than the 


ACI formula. 


Both of these equations, as pointed out by the authors, apply only to the 
condition of gradual prestress release. These equations will typically be 


uriconservative for cases where prestress release is sudden. 


2.4.6 Study by Deatherage, Burdette, and Chew 


In 1994, Deatherage et al. reported the results of their PCI sponsored 
experimental program conducted at the University of Tennessee at Knoxville [8]. 
Twenty full-scale AASHTO Type I beams were tested to identify the effect of strand 
size and spacing on the transfer and development length of prestressing strand. Strand 
diameters of 12.7, 13.3, 14.3, and 15.2 mm (0.5, 0.5 special, 0.563, and 0.6 in.) were 


used in the study. Strand spacings of 4.0d, and 3.5d, were evaluated. 


In this study, specimens prestressed with 15.2 mm (0.6 in.) diameter strands 
had shorter transfer and development lengths than those prestressed with the smaller 
diameter strands. These results contradict the general assumption that transfer and 
development length increases with strand diameter. The authors felt that an increase 
in mechanical bond, due to differences in 15.2 mm (0.6 in.) diameter strand 
configuration, might have been responsible for these short transfer lengths. This 
behavior was also noted by Hanson and Kaar [10], Mitchell et al.[16], and Cousins et 
al. [6]. The authors also concluded that a reduction of strand spacing to 3.5d, 
appeared to have no adverse effects on specimen performance, supporting the 


conclusions of Shahawy et al. [19]. 
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The average measured transfer lengths for 12.7, 14.3, and 1.2 mm (0.5, 0.563, 
and 0.6 in ) diameter strands were 64d,, 62d,, and 40d, respectively, for initial 
concrete compressive strengths between 23 MPa (3.4 ksi) and 38 MPa (5.6 ksi). The 
results for 12.7 mm and 14.3 mm (0.5 in. and 0.563 in.) diameter strand are somewhat 
higher than values calculated using the ACI formula. However, the results for 15.2 
mm (0.6 in.) diameter strands are significantly lower than those calculated using the 


ACI formula. 


Approximate development lengths for 12.7, 14.3, and 15.2 mm (0.5, 0.563, 
and 0.6 in.) diameter strand were 2032, 2667, and 2159 mm (80, 105, and 85 in.) 
respectively, for concrete compressive strengths at 28 days between 36 MPa (5.2 ksi) 
and 55 MPa (8.0 ksi). These values are all greater than those given by the ACI 


expression, and are not entirely consistent with the results from previous research. 


The transfer length equation proposed by Shahawy et al., Eq. (241), 


conservatively fit the results of this study. Thus, they supported its use. 


Based on a review of previous flexural bond length data, the researchers felt 
that the ACI equation for development length was unconservative. The flexural bond 
length was found to be underestimated by approximately 42%. Consistent with these 
findings, the following equation for development length was proposed. 


r si 
L, = "Hd, +150( fy, — Fee ds (2-44) 
The proposed equation increases the development length by increasing the 


transfer length and by applying a multiplier of 1.5 to the flexural bond length. This 
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large increase in development length is not consistently supported by data from prior 


research, and the authors conclude that further work is needed to refine this equation. 


2.4.7 Study by Buckner 


In 1995, Buckner published the results of an independent review, 
commissioned by the Federal Highway Administration (FHWA), of recent research 
on the transfer and development length of prestressing strands [5S]. The objectives of 
this study were to conduct a review of literature related to transfer and development 
length of seven-wire pretensioning strand, to rationalize discrepancies among 
conclusions drawn from various studies, and to recommend equations for strand 


transfer and development length. 


Buckner reanalyzed the data from these studies and found a number of 
discrepancies in the methods used for data gathering, analysis, and reduction. He 
found that many of the differences in the results reported could be explained by these 


discrepancies. 


In analyzing methods used for determining transfer length, Buckner found that 
many different methods were used in the research projects reviewed. Transfer length 
is typically determined from a measured set of strains along the specimen length. In 
the transfer region, the strains increase more or less linearly with distance until they 
reach some point where strains tend to remain constant with distance. Differences in 


determining the transfer length occurred primarily in the method of determining 


47 


where this “plateau” began, and thus where the transfer region ended. The methods 


employed were typically very subjective. 


In an attempt to identify a rational method for measuring transfer length, he 
recommended the use of the 95% constant strain method [21]. This method still 
requires a subjective determination of the average magnitude of the strain plateau, 
termed the 100% average strain plateau. It, however, eliminates much of the 
subjectiveness found in other methods. Once the 100% average strain plateau is 
defined, a line representing the 95% average strain plateau can be deduced. The 
distance at which this line intersects the line through the measured data points is 


defined as the transfer length. 


Additionally, Buckner identified several factors which introduce errors into 
the measured strains. Errors are introduced into the measured data by instrument 
error, shear lag, and strains introduced by the self-weight of the member. The 
combined effect of these errors is thought to result in about a 10% increase in 
measured transfer length. Buckner argued that the use of 95% of the strain plateau, 
rather than the 100% strain plateau, lessens the apparent transfer length by 


approximately 10%. 


Buckner analyzed these effects and other discrepancies in reported results 
extensively and concluded that the current ACI equation for transfer length is 
unconservative and inappropriate for current practice. Based on analysis of recent test 
results, Buckner supports the use of Eq. (2-41), recommended by Deatherage et al. [8] 
and Shahaway et al. [19], for the calculation of the transfer length. 
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Buckner felt that transfer length should be expected to vary widely due 
primarily to the observed wide variation in concrete elastic modulus at transfer. To 
support this, he cited several studies which demonstrate a correlation between transfer 
length and elastic modulus at transfer. Despite this expected variation, Buckner felt 
that Eq. (2-41) was representative of mean values of transfer length which could be 


expected for Grade 270 strands and was adequate for design. 


In evaluating development length results, Buckner once again found many 
discrepancies in the methods of testing, data gathering, and data analysis. His most 
significant conclusion was that flexural bond length should be a function of strain in 
the strand at failure, rather than a linear function of the strand stress at failure. This 
concept of relating flexural bond length to failure strain is not employed in either the 


ACI/AASHTO equation or any of the proposed equations. 


This concept stems from the change in behavior of prestressing strand near 
ultimate and its effect on the mechanical bond developed. Prestressing strand exhibits 
approximately linear stress-strain behavior up to yield, after which any increase in 
stress results in a progressively larger increase in strain. Strand stress at member 
failure is commonly above yield, and thus, exhibits non-linear stress-strain behavior. 
Mechanical bond is thought to decrease as the strand stretches and contracts radially. 
Thus, bond capacity would seem to decrease with increases in strand strain. As bond 
capacity decreases, a greater length of embedded strand is required to maintain 


equilibrium. Therefore, the flexural bond length should depend on strand strain at 
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ultimate. Buckner supports this conclusion by demonstrating correlation between 


strand strain at failure and reported flexural bond lengths in previous studies. 


Based on this concept, Buckner has recommended the following equation for 


development length. 


I si 
i -( ld, + Mii F.)4, (2-45) 
in which A is taken as (0.6+40¢,,), with a lower bound of 1.0 and an upper bound of 


2.0, and &, is the strain corresponding to the strand stress at failure, f,,. All other 


terms are as defined previously. 


The assumed maximum value of A = 2.0 corresponds to the ASTM specified 
minimum elongation of 0.035 for prestressing strand. A lower bound of 4 =1.0 
applies to cases in which strand strains at failure are equal to or less than 0.01. This 


corresponds to a reinforcing index close to the maximum permitted by the codes. 


Use of this equation results in development lengths which can be significantly 
more conservative than those calculated with the current ACI formula. The relative 
increase in required development length is determined by the ultimate strand strain at 
failure, which in turn depends on, among other things, member depth, reinforcement 


ratio, and concrete compressive strength. 


Buckner noted that there is clear evidence of increase in strand bond capacity 


with increase in concrete compressive strength. However, he felt that insufficient data 
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existed in the literature to warrant the inclusion of a factor for concrete compressive 


strength in the proposed equations. 


Buckner’s conclusions were questioned by some researchers, with perhaps the 


most compelling comments coming from Logan [14]. Logan listed several possible 


reasons for disparities in reported values which Buckner did not address. 


I; 


There is no minimum standard for bond capacity of prestressing strand 


produced by the various manufacturers. Based on an extensive series of 


tests using the Moustafa Pullout Method (see following section), there is a 


wide variation in the bond capacity of strand from different manufacturers. 
Thus, transfer length and development length could vary widely depending 
on the particular strand used. None of the tests reviewed in Buckner’s 
report included a standard measurement of the bond capacity of the strand 
used in the test specimens. Without this correlation, one cannot compare 


the results from each study on a standardized basis. 


The degree of suddenness of release of prestress is difficult to quantify and 
has a significant effect on the transfer length. This makes transfer length 


results from each study difficult to compare. 


Based on Logan’s comments, a significant portion of the disparities seen 
in previously reported results could stem from variables which were not 
addressed or measured. This makes a meaningful comparison of these 


results impossible. Logan suggested that all future testing should include a 
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Standard measurement of the bond capacity of the strands used in order to 
facilitate future correlation of test results. Two methods of measuring bond 


quality of strand are discussed in Section 2.6. 


2.5 SUMMARY OF PREVIOUS RESEARCH 


A summary of the equations proposed by various researchers on the transfer 
and development length, and of experimentally determined values of development 


length for 15.2 mm (0.6 in.) diameter strand is shown in Table 2.1. 


a2 


Table 2.1 - Equations for Transfer and Development Length and Reported 
Development Length Values for 15.2 mm (0.6 in.) Diameter Strand 


Authors {| Year Proposed Proposed Equation for 
Equation for Development Length 
Transfer 
Length 


~ fuss 


a 


Martin & | 1976 a 
Scott 


Zia and ot alll Fs 


Coes et | 1990 i sa 2157, ae mee ie | 
al.” 


Shahawy et | 1992 a 
al. 
M oo et | 1993 4 45 1224," 
033 fats fe 0337 34;.\>° + (F,.— fue) ae 50d; 
Deatherage | 1994 ye i 142d, 


Buckner | 1995 ars ce 
fe 3 ‘a | 3 = +f,, -f,)d 
L0<|a=(06+ as <2.0 


Note: All transfer and development length equations yield results in inches and the stress is in psi 
(1 in.=25.4 mm; 1 psi = 6.89x10° Pa). 


(1) Applies to uncoated strands only 
(2) Prestress was released gradually 
(3) For 28 day concrete compressive strengths of 31 and 65S MPa (4.5 and 9.4 ksi) respective 
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2.6 CHARACTERIZATION OF BOND QUALITY 
Several studies have attempted to develop simple methods for quantifying 
bond quality of strand. Two of the most promising methods, slip theory and pullout 


testing, are discussed in the following sections. 


2.6.1 Slip Theory 
In 1976, Anderson and Anderson [3] reported the results of tests on 36 


prestressed hollow core slab specimens. The objective of this program was to evaluate 
the ability of such specimens to meet the transfer and development length criteria set 
out in the ACI Code. Additionally, a theory was developed which relates initial 
measured end slip to the quality of the bond between the strand and the concrete. 
Comparison to results of their tests showed that this theory, herein termed the slip 
theory, could adequately predict the ability of a specimen to develop the required 


transfer and flexural bond stresses to achieve the flexural capacity. 


As mentioned previously, upon prestress release, the strand slips relative to 
the concrete in the transfer region. The total slip can be measured at the end of the 
specimen, and is referred to as end slip. The slip theory is founded on the assumption 
that the magnitude of the end slip a strand experiences upon release of prestress is an 
indicator of the quality of the bond between the strand and the concrete [3, 4]. 
Therefore, it is also directly related to the required transfer Jength and development 


Jength. 
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Prior to the release of the prestressing force, the strand stress induced by the 
jacking force is denoted as f;,. After release, the strand stress in the transfer region 
decreases, and is assumed to vary from zero at the beginning of the transfer region to 
the initial prestress, f,;, at the end of the transfer region. Thus, the strand experiences a 
change in stress varying from f,, at the free end of the strand to (f,,-f,;) at the end of 
the transfer region. Hence, the change in steel strain varies from f,,/E, at the free end 
of the strand to (f,,-f;;)/E, at the end of the transfer region. Since slip occurs only in 
the transfer region, the strain increment in the strand is identical to that in the concrete 
at the end of the transfer region during stress transfer. Thus, we can assume that the 
concrete also experiences a change in strain varying from zero at the free end of the 
strand to (fio-fs;/E, at the end of the transfer region. This implies that there is a 
differential strain increment between the strand and the concrete varying from fj./F; 
at the free end of the strand to zero at the end of the transfer region. The integral of 
this differential strain increment, (Ag,-Ag,), over the transfer length is equal to the 
cumulative slip between the strand and the concrete and is, thus, equal to the end slip. 
If the variation of the differential strain increment is linear, then the end slip, 5, can be 


found with the following equation. 


Solving for L, yields 


Lea (2-46) 


in which all the terms are defined previously. 
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When the transfer length obtained from this equation is less than that obtained 


by the ACI equation, the ACI equation is assumed to govern. 


Furthermore, the initial strand slip can also be related to the flexural bond 


length, L,, by introducing the following assumption. 


L, =a, (2-47) 
in which ot is a factor which can be derived from the ACI equations in the following 


manner. 


g=— 2-48 
Laci Frey te ( } 
3 b 


Using Eqs. (2-46), (2-47), and (2-48), and the relation that L,=L,+L,, the following 
equation can be derived for the development length: 


288, | ASF) 


2-49 
fol fe oe 


L, 


A maximum allowable end slip criterion can then be obtained by setting Eq. 


(2-46) equal to the ACT formula for transfer length. The resulting expression is 


Vote) 4 aT 


Snax = 65 


in which fre, foo, and E, are in ksi, and d; is in inches. Members with end slips greater 
than this value are expected to require transfer and development lengths greater than 
those calculated by the ACI provisions. Instead of using the above equation directly, 


Anderson and Anderson suggested the following equation based on an empirical fit to 


their test results. 


= Fidy 
err (2-51) 


A number of different test programs using prestressed hollow core slabs have 
clearly demonstrated that the magnitude of the end slip at transfer can indicate the 


quality of the bond developed between the strand and the concrete [3, 4, 14]. 


However, this theory is probably unsuitable for accurately predicting the 
transfer and development length of a member. The assumption of a linear variation of 
steel stress with distance in the transfer region is not entirely accurate. Additionally, 
the use of the ACI equations to evaluate the ratio of transfer to development length 
would appear to be questionable as the validity of these equations has been challenged 


by recent test results. 


2.6.2 Pullout Tests 


The direct tension pullout test, developed by Moustafa, is very simple to 
execute and has been shown to be a reliable indicator of bond quality in prestressed 
concrete members {13, 14]. In a pullout test, lengths of unstressed prestressing strand 
are cast into a concrete block at regular spacings, and, after two days of curing, are 
pulled out by a hydraulic ram. The force required to pull the strand out of the concrete 
can then be correlated to the bond quality of the strand. Presumably, any strand which 
meets a minimum pullout strength criterion can provide the bond strength expected in 


the ACI code. 


A research program investigating the bond capacity of prestressing strand 


from different manufacturers was recently completed by Logan [13]. The objective of 
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this test program was to correlate the untensioned pullout capacity of a strand to its 
transfer and development length. This program was a follow-up to several previous 


test programs performed by Logan. 


In the test program, samples of 12.7 mm (0.5 in.) diameter prestressing strand 
from six different manufacturers were cast into concrete test blocks according to the 


Moustafa pullout test procedure [13). 


Using strand from the same six manufacturers, prestressed concrete beams 
were also cast for transfer and development length testing. Transfer length was 
determined by applying Eq. (2-46), derived by Anderson and Anderson [3], to 
measured end slip values from each of the specimens. Development length capacity 
was determined by loading each beam, at the ACI predicted development length, to 
failure. Members were categorized by whether they failed by bond, signifying 


insufficient bond capacity, or in flexure. 


Strand samples with pullout strength exceeding 160 KN (36 kips) showed 
satisfactory performance. In the beam flexural tests, these strand groups exhibited the 
desired flexural failure mode in all tests. These groups had an average transfer length 


of 29d,, which is significantly lower than the ACI prediction. 


Strand samples with pullout strengths less than 53.4 KN (12 kips) were unable 
to meet the performance expected in the ACI transfer and development length 
formulas. In the beam flexural tests, these strand groups exhibited general bond 


failure in every test. These strands had an average transfer length of 58d,, which is 
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twice the average transfer length of the strand group that had pullout strengths 
exceeding 160 KN (36 kips). Additionally, for the strands with low pullout strengths, 


the end slips were seen to increase dramatically over time. 


These results are in agreement with the conclusions of earlier studies by Logan 
et al. as well as the conclusions from tests conducted in 1974 by Moustafa. Based on 
these results, Logan has recommended that all strand be prequalified using the direct 
tension pullout test, and that a minimum pullout strength of 160 KN (36 Kips), with an 
embedment of 457 mm (18 in.), be met for any 12.7 mm (0.5 in.) diameter strand 
used in a member. The results of these tests support Logan’s assertion that some of 
the significant differences in earlier research results could be attributed to the 


manufacturing processes of different strands. 
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3. TEST PROGRAM 


3.1 SCOPE OF TEST PROGRAM 

Three pretensioned box girder specimens of identical designs were fabricated 
for testing. The girders were made of high performance, 69 MPa (10 ksi), concrete 
with a 40 MPa (5.8 ksi) composite topping slab. They were pretensioned with nine 


15.2 mm (0.6 in.) diameter prestressing strands spaced at 51 mm (2 in.) on center. 


The primary objective of the test program was to measure the transfer and 
development lengths for these girders. In particular, the effects of using 15.2 mm (0.6 
in.) diameter prestressing strand at 51 mm (2 in.) spacing in high performance 


concrete (HPC) were investigated. 


In this chapter, the design and fabrication of the girder specimens is discussed. 
Additionally, the instrumentation and procedures used in the testing program are 


presented. 


3.2 SPECIMEN DESIGN AND DESIGNATION 


3.2.1 Girder Design 
The girder specimens, designed by CDOT, were reduced scale models of the 


box girders to be used in the upcoming bridge replacement project at Interstate 25. 
The scaling was determined such that the test girders would have the same 


performance as the actual bridge girders in terms of the stresses at the top and bottom 
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of the section, the percentage of the compression region provided by the topping slab, 


and the strain in the prestressing strands at flexural failure. 


The final specimen design is shown in Figure 3.1. Each girder specimen 
consisted of a box section with a composite topping slab. The girder section was 
prestressed with nine Grade 270, seven-wire, 15.2 mm (0.6 in.) diameter strands at 51 
mm (2 in.) spacing. The prestress immediately before release was specified to be 
1,407 MPa (204 ksi). High-strength concrete was specified for the main box section. 
This concrete was to have a design concrete compressive strength of 45 MPa (6.5 ksi) 
at prestress release and 69 MPa (10 ksi) at 56 days. The design concrete compressive 


strength for the topping slab was 40 MPa (5.8 ksi) at 28 days. 


A span length of 10.2 m (33.4 ft.) was chosen to insure that development 
length testing could be carried out on both ends of each girder. The total length of 
each girder was 10.4 m (34.25 ft.). Based on a review of prior research, the maximum 
development length expected for the girders was approximately 3.4 m (11 ft.). 
Presumably, with the chosen span, failure of the first end at this embedment length 


would leave sufficient strand embedment length to permit testing of the second end. 


The girders were also designed for the high shear forces expected during 
development length testing. Development length testing requires the application of a 
point load, at the expected development length, sufficient to cause flexural failure. 
The minimum expected development length, based on prior research was 1.5 m (4.9 
ft.). The application of an ultimate load so close to the end of a member is not typical 
in service and would typically result in a shear failure. To prevent this type of failure 
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during testing, it was necessary to provide the maximum shear reinforcement allowed 


by the AASHTO Specifications [1]. 


The reinforcement ratio of these specimens was 0.0071, which was close to 
the maximum allowable reinforcement ratio of 0.0079 in accordance with the 
AASHTO Specifications [1]. This results in a strand strain at ultimate flexural 
capacity of approximately 0.011, which is well below the guaranteed minimum strand 
elongation of 0.035. As mentioned in Section 2.1.4, members with low strand strains 
at failure may have shorter development lengths than similar members with higher 
strand strains at failure. However, the strand strain at failure in the test girders is 


reflective of the actual bridge girders modeled by the test specimens. 


A minimum concrete cover of 25 mm (1.0 in.) was specified for all 
reinforcement. Presumably, this small amount of concrete cover simulated the worst 
case for concrete splitting or cracking due to close strand spacing and high prestress 
forces. However, 254 mm (10 in.) long solid end blocks and heavy anchorage zone 


reinforcement were provided according to standard CDOT design practice. 


The calculated moment capacity of the girders, using the specified material 


properties, are presented in Table 3.1 for later comparison to experimental values. 


Table 3.1 - Design Moment Capacity of Test Girders 


M, by AASHTO | M, by Strain Compatibility 
Specification 
kN-m ( kin -ft. ) 
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BOX GIRDER SECTIO 
SIDE ELEVATION 


15 w 


#3 REBAR @ 6" 
O.C. MAX. (TYP.) 


9-GRADE 270 LOW RELAXATION 
PRESTRESSING STRANDS 


F IF il 
P| | ft ; 
a LJ LJ 


2-#3 STIRRUPS @ 6" 0.C. FOR 
FIRST 6’ FROM EACH END, 1-#3 
STIRRUP @ 6" 0.C. THEREAFTER 


Figure 3.1 - Test Specimen (1 in. =25.4 mm) 
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THERMOCOUPLES 
AT THIRD POINTS 
AND IN END BLOCKS 
(4 TOTAL) 


EMBEDMENT LENGTH 


34 MECH. GAGE >» MECH, GAGE 


POINTS @ 7,98" 0.C, POINTS @ 
3.94" OC. 


AND UNDER LOAD LVDT'S ATTACHED TO 
SUPPORT WITH 

DURING DEVELOPMENT ROLLER AND SONOS OUEING 

LENGTH TESTS TEFLON PAD EEN TEo 


Figure 3.2 - Test Setup and Instrumentation (1 in. = 25.4 mm) 


3.2.2 Specimen Designation 


Each girder was designated numerically, 1, 2, or 3, with the ends of the girder 
labeled east (E) and west (W). Measurements pertaining to each girder are designated 


first by girder number, and when applicable, by girder end. 


3.3 TEST SETUP AND PROCEDURE 


The instrumentation and procedures used in the experimental program are 


discussed in the sections below. 


3.3.1 Transfer Length Measurement 


Transfer length was determined by measuring strains along the concrete 
surface with a Whittemore gage. This gage had a 200 mm (7.87 in.) gage length and 
was used to measure strain at various times during the test program. As shown in 
Figure 3.3, threaded target points were cast into both sides of each girder at the same 
level as the tendon center of gravity. As shown in Figure 3.2, these target points were 
located at 100 mm (3.94 in.) spacing over the first 1600 mm (63 in.) from each end of 


a girder, and at 200 mm (7.87 in.) spacing for the rest of the girder. 


Measurements were taken immediately before and after prestress release, 
immediately before and after topping slab casting, at 14 and 28 days after girder 
casting, and just before each development length test. Measurements were delivered 
to a portable electronic device as they were read, and were ultimately uploaded to a 
personal computer for transfer length analysis. These measurements were also used to 


calculate the prestress losses along the length of each girder. 


65 


_ es eS ES EE Te aes 


ja. 


Fizure 3.3 - Embedded Targe? Points 
Tae mechanical puge meusuremients were verified by sian readings from two 
Vibruting wire strain gazes (VWSO's) placed in cach girder af the spun midpoint. They 
were located at tie strand center of gravity with euch gage offset 63.5 mm (2.5 ia.) 
from the centerline of the girder cross section. The guges were etteched to u rortable 
vale eCquisiion device where Meusurements were recorded fer each girder at various 


intervals up to the Gay of dovelonment length te : 


3.3.2 Development Length Tests 


Deveiopmont fength was Getemmined usiay an iterutive process. Por cach test, 
an estimate of the deveionment ionpth for tho member was muds. The memner wus 
then louded to fuilure, using a point load at x distance from the end of the member 
equa! to the estimated development length Based on whether a bund or flexural 
compression fitlure occurred, the estimate of devciopment length would be revised. 


The occerrence of a flexural failure would indicate that sufficient embedmert length 


caisted to develop the failure stress in the strands, and thas the actua! developmient 
iengin was sliorier than the previous estimate. Conversety, the occurrence of a bond 
fajurc would indicate that the uctaai development lengih wus Ikely to he grouter than 
the previogs estimate. With the revisec esaimats of develupment icogia, a new test 
woud be conducted with the new embedment length. This process would be 


continuce unt ihe development lengih was found. 


Figure 3.4 - Devecapment Leauth Test Setup 


After eliminating extieme values from previous reseuzea data, we extimuted 
that our development length would must probubly ful hetween 1.47 m and 4.22 m 
(4.83 ft. and 9.67 it.). The average of these experiment.” Valucs was caloulated tu be 
2.16 no 17.08 ft), whick was used us our first estimuie of development tength. The 
cembedment lengtis at which cach test was eventually conducted we shown in Tale 


hard 


3.2. 
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Table 3.2 - Development Length Tests 


al 
mm (in.) 


PE | 102/96 | 2.159 (85) 
| wt 0/2196 | 1918 (76) 


The development length tests were performed in the Structures Laboratory at 


the University of Colorado at Boulder. In each test, only the embedment length was 
varied. For each test, the specimen was simply supported on specially fabricated 
supports as shown in Figure 3.2. These supports allowed rotation of the girder ends 
through a roller arrangement. Teflon pads placed between the girder and the support 


also allowed for free displacement of the girder end. 


As shown in Figure 3.4, a point load was applied at a distance from the end of 
the girder equal to the current estimated development length using a 890 KN (200 kip) 
capacity Power Team hydraulic jack. The jack was controlled using a manually 
operated switch attached to a Power Team electric pump. During each test, the 
applied load, deflections at midspan and under the load, concrete strain at the tendon 


center of gravity, and strand slip were measured. 
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Aa inkre pressure sensor was used to record applied loud. This device was 
attuched to < date acquisition system connected to & personal cormputer. Ali 
measurements were then convertce to engineering units using Lapview. a commercial 


dats acguisifior program. 


Linear voltage differential transducers (LVD7T’s) were uscu Lo measure boih 
sirand slin and deflection. As shown in Figure 3.5, LVD™’s were attucred to cach 
strang ui the girder end being tested io deteci surand sip. These LVDT’s were 
constantly monitercd in an cffort to detect impending bond faiiz:e. LVDT's were also 
attached tu the girder at midspan and beneath the load point to measure deflection 
during the tosis. These LVDT"s were attached to the data acquisition system and read 

{ Various intervals. The defieciion measurements were also verified by dial gages 


niaced under the girder at midspan and ut the load point 


Figure 3.5 - LVDT's Attuched to Strands During Tests 
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Concrete strain at the tendon center of gravity was measured at selected load 
intervals using a Whittemore gage. However, because only small changes in strain 
occurred at the far end, only the strain between the midspan and the end of the girder 
being tested was measured. These readings were loaded into a personal computer and 


used to calculate the approximate variation of strand stress during testing. 


3.3.3 Other Measurements 


3.3.3.1 Camber 


Bolts were attached to one side of each girder, near each end, at the level of 
the center of gravity of the girder section before prestress release. Fishing line was 
stretched tight between these bolts and a reference mark was made on the girder at 
midspan. To measure camber, a steel ruler was used to measure the distance between 
the reference mark and the fishing line, whose tension was maintained constant. 
Camber was measured for each girder immediately after prestress release, 
immediately before and after the topping slab casting, 14, and 28 days after girder 


casting, and on the day of development length testing. 


3.3.3.2 End Slip at Transfer 


Strand slip measuring devices developed at FHWA’s Tumer-Fairbanks 
Highway Research Center were attached to the strands near the ends of each girder 
before prestress release. These devices were essentially a section of aluminum C- 
channel which was clamped to the strand at approximately 90 mm (3.5 in.) from the 


end face of the girder. As shown in Figure 3.6, a Brown & Sharpe Digit-Cal Mark IV 
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caliper was used to sneosure the distance from oav Jeg of the C-cbharne: to the girder. 


Measurements were taken immednitely ocfore and after prestress release. 


Fiaure 3.6 - Measurement of End Stip 


3.3.3.3 Pullout Tess 


Pullout tests were performed uccurd:ng to tne Mostufa micthod mentioned in 


Chanter 2. As shown in Figure 3.8. a tote! of 8 sirand samnies unoroximaie’y 1.83 m 
2 Paes y 


-_ 
- 


(§ ft.) long were embedded to a depth of 457 mon: (78 Ind ina 610 mm (2+ iS deep 
ay 914 mm (36 in.) ong by 610 mm (24 in.) wide concrete biock. The concrete was 
the same as that used in the girder box sections. Two such blocks were cast and 


allowed to air cure for two days hefore commencement of pullout testing. 


As shown in Figure 3.7, the sands were pulled out of the concrete using an 
Enernuc center-hole nydranlic ram. The tam was set on a spuciaily fabricated support 
which preveried compressive stresses from developing in the concrete immediatly 


adjacent to the strand deing tested. The strand was threaded through the ram, a strand 


1" PL 7? 1/2"x7 1/24 STRAND CHUCK 


CENTER HOLE HYDRAULIC RAM 


1/2" L2 1/2"x2 1/2” 
AT EACH CORNER 


Figure 3.7 - Pullout Test Setup (1 in. = 25.4 mm) 


chuck was affixed to it, and load was applied by a hand pump until the strand could 
not sustain further load increase. The maximum load, the load at first slip, and the 
total pullout distance at the maximum load were recorded manually for each strand 


tested. 


3.3.3.4 Heat of Hydration 


Four thermocouples were placed in each girder, one at each third point of the 
span, and one centered in each end block. Immediately after girder casting, these 
devices were read every 30 minutes for approximately one week. These 


measurements were recorded and used to gauge the temperature changes in the 
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Figure 3.8 - Pullout Test Block Configuration (1 in. = 25.4 mm) 


concrete during curing. The maximum temperature recorded is presented in Section 


3:43. 


3.4 SPECIMEN FABRICATION 

The girder specimens were fabricated by Rocky Mountain Prestress (RMP) in 
Denver, Colorado. Personnel from CU, CDOT, and FHWA all aided in the planning 
and installation of the necessary instrumentation during the fabrication process. The 
following sections describe the methods used in the fabrication and instrumentation of 


the girder specimens. 
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¢.£ Formwork and Stee! Placement 
Tie gizder specimens were cust end to end inside an adjustedie stee] hox 
girder form. Bevause the specimens were reigtively smal, it was nccussary to 
fabricate a senarate set of woou forms within this Joon, This formwork. shown is 
Figure 3.9. was designed and instulicd by the RMP personnei. After instatlation of the 
formwork, cluminum strips with roechunica! gage turget points previously agached, 


Were screwed to the side forms at the eppronriaie positions. 


Figure 3.9 - Girder Reinforcement and Formwork 


Rs 
t 


Afier installation of tae target points, the mild icc] reinforcing cages were 
instaled for cach of the girders. Nine pretensioning strands were then threudec 
throuzh each form and attached to the bulkheads at the end of the steu! form using 
strand chucks. A smail mietension was upplied to the strands to pull thera tau. The 


strands were slightly rusted whea instatied and were all from the same reel. 


As shown in Figure 3.10, the VWSG's and thermocoupios were then fixed 
bu rebar cuge at the anpronriate positions. The instruments were attacnee io the dae 
acavisition device and checked for proper function. The RMP personne! were then 
wiiowed tu place large dDiocks of Styrofoum in cech form which formed the void in the 


box section. While this was occurring, 1.82 m (6 11) long pisces of strand were cut 


tied into the two pullout block forms. 


Firure 3.16 - Vibrating Wire Strain Gages Tica in Place 
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3.4.2 Strand Pretensioning Procedure 

Or the second day. the nine strands were prestressed according io the usual 
metnod uscd by the contractor. As snown in Figure 3.11, cach struna was stressed 
ipcividaaliy with a hydravitc jacx pushing against the end bulkhead The jacking force 
und the totul extension of the strands from the julkhead were measured. Each sirand 
Was Stressed io a value siightly over the jacking forces specified in the Gesign to 


compensaic for losses duc tO anchorage Sip. 


Fieure 3.11 - Strind Pretensioning hy RifP Personnel 


3.4.3 Concrete Placement 
After completion of the prestressing yperaiinn, concrete plucement began. The 
gircer concrete was batched an-site ut the fubricator’s batch olant. The fabricator 
coveloped the mix design, snown in Tuble 3.3, to achieve the 56 cay design concreic 


compressive strength of 69 MPa (10 xsi). 
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Table 3.3 - Girder Concrete Mix Design 


kg/m? (Ib./yd.°) 


Coarse Aggregate 930 (1570) 
(3/8” pea gravel, Cooley) 


Concrete was transported from the on-site batch plant to the girders in 4 cu. 


yd. buckets. The girders were poured successively, with each girder being poured 
from a fresh batch of concrete. The concrete remaining in each bucket was used to 
fabricate the material test specimens. The concrete slump was measured by RMP and 


was approximately 114 mm (4.5 in.). 


After the first girder was poured, the water content in the remaining batches 
was increased to improve workability. This change did not appear to significantly 
affect the concrete strength among the three girders. Upon completion of concrete 
pouring, the girders were covered by a tarp and cured overnight. Steam was passed 
through pipes surrounding the existing adjustable box form for approximately 8 hours 
to accelerate the hydration of the concrete. The maximum temperatures measured 
during the curing process by the thermocouples in each girder are shown in Table 3.4. 


Detailed time-history plots are provided in Appendix C. 
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Table 3.4 - Heat of Hydration Data 


Girder Maximum Recorded Time to Reach Maximum 
Temperature Temperature 


Degrees Celsius (Fahrenheit) Hours after Casting 


80 (176) 
80 (176) 
79 174) 


3.4.4 Material Test Specimens 


Materials specimens were cast from all three batches of concrete for future 
testing. As all the concrete was presumably identical, no effort was made to 


differentiate between the separate batches. 


The following specimens were cast: 


e 75-102 mm x 203 mm (4 in. x 8 in.) cylinders for compression and creep 
tests 

e 42-152 mmx 305 mm (6 in. x 12 in.) cylinders for split cylinder tests 

e 42- Modulus of rupture beams 

e 6- Shrinkage prisms 


e 2- Pullout blocks for pullout tests 


With the exception of the pullout blocks, half of each set of specimens were steam 
cured with the girders while the other half were moist cured. The steam cured 
specimens were cured in the Structures Laboratory at CU at room temperature after 
steam curing was completed. These specimens are referred to as air cured specimens 
in this report. Ali handling and curing of the specimens was per ASTM standards 


where applicable. 


78 


Fizure 3.i2. Flame Cutine of Strands 
& > 


3.4.5 Stress Transfer Procedure 
Following ovemignt curme of the girder concrete, preparation for strand 


detensioning began. The contractor removed the forms to allaw the CL stall access to 
f=) 


4 


the girders. Tre strain gage target points were cleaned and end sp devices won 
attached to the strands at the end of each girder. Bolts were affixed to cach girder and 


fishing linc was siretched iight between them for camber measurement. 


ne 


Approximately 42 hours after girder casting. initial readings were taken and 
the prestross was relcascd. This pracess was delayed pecause of the additional! tire 


needed to prepare the embedded target points for mechanical pege measurements. The 


13 


pretension was roeused by cutting each oirand with un oxy-uceiylene torch. The 
strands close to ine bulkheads were cut first. with the strands at Doth onds cut 
simultancously. Following tic same procedure, the strands between the first and the 


second and the second and the ihiré girders were cat. The girders were not restrained 


Table 3.5 - Topping Slab Concrete Mix Design 


Ta 
kg/m? (1b./yd.*) 


Coarse Aggregate 1103 (1860) 
(3/4” pea gravel, Cooley) 


Fine Aggregate (Sand, Cooley) 694 (1170) 
Water Reducer (Polyheed 997) 2.48 Lim” (84 02./yd.°) 
Water Reducer (Pozzolith 322N) | 0.83 L/m’ (28 oz./yd.°) 


from movement, and they were observed to move several inches each time a strand 


was cut. This movement was the most significant during the first set of cuts, and was 


much less pronounced when cutting the strands in-between the girders. 


3.4.6 Topping Slab Placement 


Seven days after the girder concrete was poured, the topping slabs were cast 
for each girder. The procedure was the same as the procedure used to pour the girders. 
The topping slab concrete was batched on-site at the fabricator’s batch plant. The 
fabricator developed their own mix design, shown in Table 3.5, to achieve the 28 day 


design concrete compressive strength of 40 MPa (5.8 ksi). 


The topping slabs were successively cast, a curing compound was applied to 
the slab surface, and the girders were covered and allowed to air cure. Thirty 102 mm 
x 203 mm (4 in. x 8 in.) cylinders were cast from the concrete and transported back to 


CU where half were moist cured and half were air cured. 


80 


PTT TT TT TT TELE Tr Er rr yy 
SRRE) Socuaan uns GSU BTRER RSE ERB ER 
ye SV ihe) LESS Seay ESIC Tea SP ea Mesa] aE 
pr Yipee oe fete | pee fe FY 
HHH Pa Sea se a AP cet a] aT AY al el elle |e 
Cee 


Stress (ksi) 


/EBSER Re If Measles eae alee ald 
W SEHGHRREREEEERESEEEHRESUEUU USN 
Fea CER E Rea eee eee 
Pee Eee eee Eee eee 
EE |e eee aera] arate [ae 


0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 
Strain 


Figure 3.13 - Stress-Strain Relationship for Strand (I ksi = 6.89 MPa) 


3.5 MATERIAL PROPERTIES 


3.5.1 Prestressing Strands 


The prestressing strands used in the test specimens were manufactured by 
Instee} Wire Products. All strand was 15.2 mm (0.6 in.) diameter, Grade 270, low- 
relaxation prestressing strand meeting the requirements of ASTM A-416-94. The 
stress-strain curve for the strand was supplied by the manufacturer and is reproduced 
in Figure 3.13. The elastic modulus of the strand was 198 GPa (28,700 ksi). Chemical 
tests were conducted on samples of strand to determine the amount of surface 


phosphate. Results of the chemical tests are shown in Appendix E. 


3.5.2 Non-Prestressing Steel 


All non-prestressing stee] consisted of standard Grade 60 rebar. 
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3.5.3 Girder Concrete 


Materials tests were conducted per ASTM standards on moist and air cured 
specimens of the girder concrete. Tests to identify compressive strength, modulus of 
elasticity, modulus of rupture, shrinkage behavior, and split cylinder strength were 
conducted at the CU Structures Laboratory. Tests to identify shrinkage and creep 
behavior were also performed by Commercial Testing Laboratories (CTL/Thompson) 


of Denver, Colorado. 


Table 3.6 - Compressive Strength and Elastic Modulus of Girder Concrete 


Age |Curing| Compressive Strength 
Deviation Deviation 


2 Days 
8/15/96 
Days 
8/20/96 
15 Days 
8/28/96 
28 Days 
5/10/96 
50 Days 
10/2196 
Tie 
10/17/96 
79 Days 
10/31/96 
90 Days 
1196 


Elastic Modulus 
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Compressive strength and modulus of elasticity tests were performed on 102 
mm x 203 mm (4 in. x 8 in.) cylinder specimens. A summary of the results of these 
tests is shown in Table 3.6. The concrete strength is plotted against age in Figure 3.14. 
Also shown are curve fits to the data. Detailed compressive stress-strain plots for the 


concrete cylinders are provided im Appendix A. 


The moist cured cylinders of girder concrete achieved the required design 
compressive strength at 28 days, and reached a strength of 76 MPa (11 ksi) at 90 days. 
As expected, the air cured specimens yielded consistently lower strengths than the 


moist cured specimens. 


Modulus of rupture testing was performed on standard beam specimens. 
Brazilian split-cylinder testing was performed on 152 mm x 305 mm (6 in. x 12 in.) 


cylinders. A summary of the results of these tests is shown in Table 3.7. 


ey 
ai © Air Cured 


Oo Moist Cured 


Compressive Strength (MPa) 


0 10 20 30 40 30 60 70 80 90 
Age (Days) 
Figure 3.14 - Girder Concrete Compressive Strength 
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Figure 3.15 and Figure 3.16 show the graphs of the modulus of mpture and 
elastic modulus data versus jf, , with f’, in psi. Linear fits to these data were 


performed and are shown with the equations representing these lines. Also shown are 
the equations given by the ACI 318 [2] for estimating the modulus of rupture and the 
modulus of elasticity. Additionally, an equation recommended for high strength 


concrete by researchers at Cornell University, is presented [17]. 


The expression for the modulus of rupture of normal weight concrete is given 


in Section 9.5.2.3 of the ACI Code [2] as 


f= 15 fF, 


whereas the expression for the modulus of elasticity for normal weight concrete, 


given in Section 8.5.1 of the ACI Code [2], is 


E, = 57,000) f, 


In both of these expressions, f’, and the resulting values are in psi. For normal weight 
concrete with a compressive strength between 30 MPa (3,000 psi) and 83 MPa 
(12,000 psi), the equation recommended for the modulus of elasticity by the 


researchers at Cornell University [17] is 


15 
Ww, 
E, = (40,000,/7; + 000,000) 7 | 


in which w, is the unit weight of the hardened concrete in pcf and all other terms are 


as defined previously. 
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Table 3.7 - Modulus of Rupture and Split Cylinder Strength of Girder Concrete 


Age |Curing| Modulus of Rupture 
Test Date MPa (ksi) 


Split-Cylinder Strength 


MPa (ksi) 
Standard Standard 
Deviation Deviation 
3 Days NA 
073 0.059 
7 Days NA 
03 (0.084 
15 Days NA 


8/28/96 
28 Days 
9/10/96 
50 Days 
10/2196 
€ Days 
10/17/96 
79 Days 
10/31/96 


1400 
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Figure 3.15 - Modulus of Rupture Data and ACI Expression (f°, in psi; 1 psi = 
6.89x10° Pa) 
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As can be seen from the graphs, the ACI formula for modulus of rupture 1s 
somewhat conservative for our data while the formula for modulus of elasticity is 
somewhat high. However, the equation from Cornell University fits the modulus of 


elasticity data on the moist cured specimens well. 


= 
‘a 
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= 
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Figure 3.16 - Modulus of Elasticity Data and ACI and Cornell Expression (f’, in psi) 
(1 psi = 6.89x10" Pa) 


Shrinkage measurements were taken at both CU and CTL/Thompson. CU 
tested four air cured specimens and two Jime-water cured specimens. The four air 
cured specimens were steam cured with the girders, cured in lime-saturated water for 
the following two days, and air cured at room temperature thereafter. The two Lime- 
water cured specimens were cured in lime-saturated water for the first 28 days after 
casting and were air cured at room temperature thereafter. Measurements for lime- 


water cured specimens began the day after girder casting. Measurements for the air 


86 


cured specimens began three days after girder casting, upon removal from the lime- 


saturated water. A graph of the average results is shown in Figure 3.17. These 


——o— CU Air Cured Specimens 
---C--- CU Lime Saturated Water Cured Specimens 
- CTL-Thompson Air Cured Specimen 


Shrinkage (Millistrain) 


Age (Days) 
Figure 3.17 - Average Shrinkage Strain for Girder Concrete 
shrinkage results are typical for this type of concrete [17]. The moist cured specimens 
shrank very little during the 28 days they were immersed in lime-saturated water. 
However, after they were removed from the lime-saturated water, they exhibited 


shrinkage nearly identical to that of the air cured specimens. 


Creep tests were performed on 102 mm x 203 mm (4 in. x 8 in.) cylinders by 
CTL/Thompson. Owing to measurement problems with the specimens initially cast 
with the girders, these specimens were cast several weeks after the girders were cast 
using the same mix design as the girder concrete. The specimens were steam cured in 
the same way as the girders and subsequently air cured in the laboratory at a 


temperature of 23°C (73°F) and a relative humidity of 50%. Loading began after two 


87 


days of curing. The test results (reproduced from Appendix B) are plotted in Figure 
3.18. Shrinkage measurements were taken together with the creep tests. The shrinkage 
specimens were cured under the same condition as the creep specimens. As shown in 
Figure 3.17, the shrinkage obtained by CTL/Thompson was very close to that 


exhibited by the air cured specimens at CU, with the former being slightly lower. 


Creep was also calculated using the following empirical expression. 


6, 


6, , (3-1) 


~ 10+7°" 


in which 4, is the unit creep strain at time f, t is the time in days after loading, and 4, 
is the ultimate creep strain [17]. For 69 MPa (10 ksi) concrete, based on research at 
Cornell University, an ultimate unit creep strain equal to 41x10° per MPa (0.28x10° 
per psi) is suggested [17]. With the aforementioned value, the results obtained with 


Eq. (3-1) are plotted in Figure 3.18. 


As can be seen from the graph, the creep exhibited by the laboratory 


specimens is significantly higher than the calculated values. 


3.5.4 Topping Slab Concrete 


Materials tests were conducted per ASTM standards on moist and air cured 
specimens of the topping slab concrete to identify the compressive strength and 
modulus of elasticity. A summary of these results is shown in Table 3.8. A graph of 
compressive strength versus age is shown in Figure 3.19. Also shown are curve fits to 


the data. 
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Creep Strain (m/m/MPa x 10 °) 


—— Measured Creep Strain 
—ia~~ Empirical Creep Strain 
0 20 40 60 80 100 120 14) 
Age (Days) 


Figure 3.18 - Unit Creep Strain for Girder Concrete 
Table 3.8 - Compressive Strength and Modulus of Elasticity of Topping Concrete 


uring ees tae Strength Elastic Modulus 
| Test Date MPa ees tae MPa (ksi) 


Standard Mean Standard 
Deviation 


Deviation 
TDays | ar [437 | 0@ | NA 
8127196 
14 Days 
9/3/96 
28 Days 
s/17196 
43 Days 
10/296 
58 Days 
10/1716 
ee 
10/3196 
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The topping slab concrete exceeded the required design compressive strength 
by a significant amount, reaching a strength of 57.5 MPa (8.3 ksi) in 72 days. The 
results for the moist and air cured specimens are quite close, however, the moist cured 
specimens tend to have higher compressive strengths. The elastic modulus of the 


concrete is, on average, about 10% lower than the value given by the ACI formula. 


Compressive Strength (MPa) 


0 10 20 30 40 50 60 70 80 90 


Age (Days) 
Figure 3.19 - Topping Concrete Compressive Strength 
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4. TEST RESULTS 


4.1 PULLOUT TEST RESULTS 

Pullout tests were conducted two days after the casting of the two pullout 
blocks. The concrete compressive strength at this time was 39.2 MPa (5,690 psi). 
Load was applied to each strand until strand slip was detected. The load at which this 
occurred was recorded. Loading was then continued until the strand could no longer 
sustain further load increases. The load at which this occurred and the total distance 


the strand was pulled out of the block were then recorded. 


All eight strands were tested in the first pullout block. The results were very 
consistent within this group, and thus, only one strand was tested in the second block. 


A summary of the test results is presented in Table 4.1. 


Table 4.1 - Pullout Test Results 


92.2 (43.2) 
) 


| 5 | 110.8 (24.9) | 218.4 (49.1 
| 6 [130.8 (29.4) | 224.2 (50.4) 
| 8 | 122.3 (27.5)| 224.2 (50.4)| 63.52.50) 
| 9 | 206.4 (46.4) | 247.3 (55.6)]  36.6(1.44) | 


9] 


The maximum loads attained in each of these tests are all well above the 
benchmark capacity of 160 kN (36 kips) suggested for 12.7 mm (0.5 in.) diameter 
strands by Logan [13]. A benchmark for 15.2 mm (0.6 in.) diameter strands has not 
yet been established. Thus, the performance of this strand relative to other 15.2 mm 


(0.6 in.) diameter strand is unclear at this time. 


4.2 STRAND SLIP AT TRANSFER 


Strand slip was measured for each of the nine strands at the end of each girder. 
The distance between a fixed reference point on each strand and the end of the girder 
was measured immediately before and after prestress release. The difference between 
these two measurements gives the apparent strand slip. The elastic shortening which 
occurred over the strand between the end of the girder and the reference point was 


calculated and subtracted from the apparent strand slip to give the actual strand slip. 


Girder movement during prestress release caused minor concrete spalling near 


the ends of the girders. As a result of this, the slip for a number of strands could not 


Table 4.2 - Average Strand Slip Measurements Immediately after Transfer 


Girder End Average End Slip 
Measured 
mma (in.) 


paw 1.61 (0.063) 
Pp ET 1.480.058) 
Pew T7068) 
PET 1.46,(0.057)__ 
| Average | | 1.49(0.059) 


92 


be measured. Additionally, during girder transportation, further concrete spalling and 
damage to the C-channels occurred. This damage made strand slip measurements at 
later ages impossible. The averages of the strand slips measured for each girder end 
immediately after release are presented in Table 4.2. The values in the table are the 
actual strand slips with the elastic shortening of the strand taken out form the raw 


data. 


The end slips measured for these members are consistent with those measured 
in previous studies using high strength concrete and 15.2 mm (0.6 im.) diameter 


strands [9]. 


4.3 CAMBER MEASUREMENTS 

The results of the camber measurements taken at midspan for each of the 
girders are presented in Table 4.3. A time step procedure was also used to estimate the 
camber for the girders [17]. Use of this method requires knowledge of the girder 
section properties, concrete creep and shrinkage behavior, steel relaxation behavior, 
and the variation of the concrete elastic modulus with time. With the exception of 
steel relaxation, all of these properties were measured in the testing program. Steel 
relaxation was estimated using the following empirical equation for low relaxation 


strand [17]. 


aie Bt da 035 (4-1) 
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in which f, is the steel stress at time t, fry is the effective yield stress, f5; is the initial 


prestress, f is the time in hours after stressing, and log ¢ is to the base 10. 


Table 4.3. - Measured Girder Camber 
Time of Measurement Camber 


(Concrete Age) mm (in.) 


Immediately After Release | 55> (0.88) | 22.2 (0.88) | 20.6 (0.81) 
(2 Days) 

Before Topping 1.8 (1.25 28.6 (1.13 

fig) | ee) eG) AOD 


After Topping 27.0 (1.06) | 30.2 (1.19) | 30.2 (1.19) 
(7 Days) 
12 Days After Release = 31 3 (1.25) | 30.2 (1.19) | 30.2 (1.19) 
(14 Days) 
26 Days After Release 
31.8 (1.25 NA 30.2 (1.19 
ape | 28029 | NA [302019 


Table 4.4 - Section Properties Used in Time Step Calculations (1 in. = 25.4 mm) 


Section Properties ; 


206.3 
12206 


The values used in the time step computations are summanzed in Table 4.4 


and Table 4.5. As shown in Table 4.4, the girder section properties were changed to 
reflect the addition of the topping slab at 7 days. The reduction in camber due to the 
weight of the topping slab was also calculated and subtracted from the values 
obtained at 7 days without the topping slab. The results of these calculations and the 


average measured camber at midspan are shown in Table 4.7. As can be seen, the 
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calculated camber using these values was significantly higher than the measured 


camber. 


Table 4.5 - Time Dependent Variables Used in Time Step Procedure 
(1 psi = 6.89x10° Pa; 1 ksi = 6.89 MPa) 


Time Creep Shrinkage Steel Relaxation |Modulus of 
Elasticity 


Days _|(in/in.)/psix 10°] invin, | isi 


6 


Creep is the prime contributor to increases in camber and it is suspected that 
the measured creep values were too high. Part of this could be due to the different 
curing temperatures of the creep specimens and the girders. Thus, the time step 
procedure was carried out again using creep values generated from the empirical 


equation, Eq. (3-1), presented in Section 3.5.3. The values of unit creep strain 
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Table 4.7 - Measured and Calculated Camber using Measured and Empirical Creep 
Equation ; 


Time Calculated Midspan|Calculated Midspan| Measured 
Camber using Camber using Midspan 
Measured Creep Creep Equation Camber 


Days After Release 
eo Oi =] 26.0 02) 26.0 (1.02) 
7 (Before Topping) 49.3 (1.94) 32.7 (1.29) 30.2 (1.19) 


pa 5.42.02) | 32.41.28) 30.71.21) 
pT 162.43) 39.61.56) | NA 


calculated using this equation are presented in Table 4.6. These results are much 


closer to the measured values. 


4.4 CONCRETE STRAINS AFTER TRANSFER 


Concrete strains after transfer were calculated using the measurements taken 
with the Whittemore gage discussed previously. The initial distances between the 
embedded points in the girders were measured immediately before prestress release. 
These readings were then subtracted from subsequent measurements to yield the total 
change in distance between the points over the time period elapsed since the initial 
readings. Knowing this change in distance, the change in strain was calculated by 
dividing each value by the initial measured distance between the points. This change 
in strain was assumed to occur midway between the two points in question and at the 


level of the center of gravity of the strand group. 


In this manner, the change in strain was calculated at discrete points along 


both sides of the three girders. For each girder, the strains for the corresponding 
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points on both sides were averaged to obtain one set of readings along the girder 
length. On the following pages, the resulting strains are plotted for the three girders. 
Each page contains two plots, one plot showing strains for the west half (W) of a 
girder and one showing strains for the east half (E) of a girder. For each girder, strains 
at the following times are shown: 

e After Release 

e Seven days after girder casting, immediately before topping slab casting (7 Day-ND) 
e Seven days after girder casting, immediately after topping slab casting (7-Day-WD) 
e 28 Days after girder casting 

e Just before development length testing 

The information in parentheses indicates the nomenclature used in the legend for each 


plot. 


4.5 TRANSFER LENGTH 


4.5.1 Determination of Transfer Length 


Transfer length was determined using the 95% average maximum strain 
plateau method [21]. The strain data collected was examined and the region in which 
the strains appeared to level out, or plateau, was identified. The strain values in this 
region were then averaged to determine the magnitude of the average maximum 
Strain. This value was then reduced by 5% to obtain the magnitude of the 95% 
average maximum strain plateau. Both the 100% and 95% average maximum strain 


plateaus are shown as horizontal lines in Figure 4.13 through Figure 4.24. 
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Figure 4.1 - West End Strain Readings for Girder I After Release and at 7 Days 
(Before Topping) 
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Figure 4.2 - East End Strain Readings for Girder I After Release and at 7 Days 
(Before Topping) 
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Figure 4.3 - West End Strain Readings for Girder I at 7 Days (After Topping), 28 
Days, and 59 Days 
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Figure 4.4 - East End Strain Readings for Girder 1 at 7 Days (After Topping), 28 
Days, and 50 Days 
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Figure 4.5 - West End Strain Readings for Girder 2 After Release and at 7 Days 
(Before Topping) 
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Figure 4.6 - West End Strain Readings for Girder 2 After Release and at 7 Days 
(Before Topping) 
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Figure 4.8 - East End Strain Readings for Girder 2 at 7 Days (After Topping), 28 
Days, and 76 Days 
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Figure 4.9 - West End Strain Readings for Girder 3 After Release and at 7 Days 
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Figure 4.10 - East End Strain Readings for Girder 3 After Release and at 7 Days 


(Before Topping) 


102 


Strain (Microstrain) 


© @ 7 Day-WD 


28 Day 
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 
Distance from West End (mm) 


oS 


Figure 4.11 - West End Strain Readings for Girder 3 at 7 Days (After Topping). 28 
Days, and 90 Days 
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Figure 4.12 - West End Strain Readings for Girder 3 at 7 Days (After Topping), 28 
Days, and 90 Days 
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Table 4.8 - Transfer Length Results 


Girder End | L, by 95% Average Maximum Strain Plateau 
Method 
Release 


Immediately After 28 Days after Girder 
Casting 


mm (in.) mm (in.) 


[re | __ 615242) | 720083) 
[aE 5602.0) | -560002.0) 
[32 | 60s @38) | ~~—C«as0 5.6) —_—+| 


On the same plots, the measured strain data points were plotted with lines 
connecting the points. The intersection of the line representing the 95% average 
maximum strain plateau and a line passing through the measured data points is then 
used to estimate the value of the transfer length. Although several intersections may 
occur on each plot, the distance to the intersection nearest the girder end is taken as 


the transfer length. 


The transfer length was determined at each girder end immediately after 
release and at 28 days after girder casting using this method. The strain values, the 
calculated plateau values, and the transfer length found for each of these cases are 
shown in Figure 4.13 through Figure 4.24. The transfer lengths determined for each 


girder end are summarized in Table 4.8. 
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Figure 4.13 - Transfer Length After Release by 95% Average Maximum Strain 
Plateau Method (1-W) 
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Figure 4.14 - Transfer Length after 28 Days by 95% Average Maximum Strain. 
Plateau Method (1-W) 
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Figure 4.15 - Transfer Length After Release by 95% Average Maximum Strain 
Plateau Method (1-E) 
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Figure 4.16 - 28 Day Transfer Length after 28 Days by 95% Average Maximum 
Strain Plateau Method (1-E) 
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Figure 4.17 - After Release Transfer Length After Release by 95% Average Maximum 
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Figure 4.18 - Transfer Length after 28 Days by 95% Average Maximum Strain 


Plateau Method (2-W) 
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Figure 4.19 - Transfer Length After Release by 95% Average Maximum Strain 
Plateau Method (2-E) 
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Figure 4.20 - Transfer Length after 28 Days by 95% Average Maximum Strain 
Plateau Method (2-E) 
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Figure 4.2] - Transfer Length After Release by 95% Average Maximum Strain 
Plateau Method (3-W) 
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Figure 4.22 - Transfer Length after 28 Days by 95% Average Maximum Strain 
Plateau Method (3-W) 
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Figure 4.23 - Transfer Length After Release by 95% Average Maximum Strain 
Plateau Method (3-E) 
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Figure 4.24 - Transfer Length after 28 Days by 95% Average Maximum Strain 
Plateau Method (3-E) 
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4.6 PRESTRESS LOSSES 


Using the strain measurements discussed previously, prestress losses were 
calculated at different times for each of the girders. The strain values throughout the 
plateau regions for each tume were subtracted from the corresponding initial readings 
to obtain strain changes along the girder length. The changes in strain due to the 
application of the topping slab were calculated from the measurements taken 
immediately before and after the topping slab was cast. The strain values for the later 
times were adjusted to account for these changes. The differences in strain obtained at 
each time were then averaged and multiplied by the strand modulus of elasticity to 
obtain the cumulative prestress loss up to the time in question. The calculated 


prestress losses are shown in Table 4.9. 


Table 4.9 - Measured Prestress Losses 


Days After Prestress Losses 
Release 


| 90 | NA | NA [265 (38.4) 
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This method of calculation accounts for all prestress losses except those due to 
Stee] relaxation. Stee] relaxation causes a decrease in stee] stress and a corresponding 
elastic rebound of the surrounding concrete. The concrete strain is further decreased 
due to the decrease in the moment applied by the strands. Thus, the surface strains 
measured not only do not include the steel relaxation but they also include strain due 
to elastic rebound. These effects cause the total prestress losses calculated to be lower 
than they actually are. The magnitude of the elastic rebound depends on the section 
properties and the material properties of the strand and the concrete. For an 
eccentrically prestressed member, the total measurement error in prestress losses can 


be calculated by the following equation. 


EA. { de 
Error in Prestress Losses = Af, ,,.| 1+ eS ulate (4-2) 


c c 

in which Af, ,e; is the steel] relaxation loss, A, is the cross sectional area of concrete, J, 
is the moment of inertia of the section, e is the prestress eccentricity, and FE, and E, are 
the moduli of elasticity of the concrete and the strand, respectively. For the test 


girders, with the average material property values, Eq. (4-2) yields an error in 


prestress losses of approximately 1.13 times the steel] relaxation, Af; rer. 


The prestress losses calculated using the mechanical gage measurements were 
adjusted by adding 1.13 times the steel relaxation calculated with Eq. (4-1). The 
adjusted prestress losses for the three girders were then averaged at each time to yield 
the adjusted prestress losses shown in Table 4.10. The average of the unadjusted 
prestress losses calculated using the mechanical gage measurements are also shown in 


Table 4.10. 
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Table 4.10 - Average Measured and Calculated Prestress Losses 


Calculated Calculated 

Prestress Losses | Prestress Losses 

using Measured | using Empirical 

Losses Losses Creep Data Creep Equation 

MPa (ksi) MPa (ksi) MPa (ksi) MPa (ksi) 

| 0 | 141 (20.5) [17.7 (2.57)| 161 (23.4)|__ 1572.7) | 157 (22.7) _| 
: ) 


Days | Unadjusted | Estimated | Adjusted 
After | Average Average 
Release} Prestress /Relaxation| Prestress 


190 (27.6) [27.1 (3.93)| 221 (32.1)| 377 (54.7) 269 (39.0) 
209 (30.3) |29.9 (4.34)| 243 (35.2)| 419 (60.7) 303 (44.0) 
| 90 | 265 (38.4) |35.0 (5.08) | 305 (44.2) | 476 (69.0) 350 (50.8) 
Prestress losses were also calculated using the time step procedure discussed 
in Section 4.3. The results of these calculations, using the measured creep strain and 
the creep strain generated from the empirical expression, are presented in Table 4.10. 
It is apparent that the prestress losses calculated using the empirical creep equation 
are much closer to the adjusted prestress losses than those calculated using the 


measured creep data. This supports the speculation that the measured creep data is not 


representative of the girder concrete. 


4.7 DEVELOPMENT LENGTH TESTS 


In this section, the results of the six development length tests are presented. 


The strand slip values measured during the tests are presented in Appendix D. 


4.7.1 Test 1-E 


Development length testing began 50 days after girder casting, with the first 
test conducted on end “E” of girder 1. In this test, the load was applied at 2159 mm 


(85 in.) from the end of the member. By this time, the girder concrete had attained a 
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compressive strength of 76 MPa (11 ksi), while the topping concrete had attained a 
compressive strength of 55 MPa (7.9 ksi). These values are obtained from the curve 


for the moist cured specimens in Figure 3.14. 


In all the tests, the load was initially increased in increments of approximately 
890 kN (20 kips). After initial cracking, the load increment was reduced to 
approximately 445 kN (10 kips). Cracking was first observed at a load of 
approximately 400 kN (90 kips), which corresponds to a maximum moment of 681 
kN-m (502 kip-ft.). A flexural compression failure occurred at the load of 
approximately 525 kN (118 kips), which corresponds to 4 maximum moment of 893 


kN-m (659 kip-ft.). The maximum shear at fatlure was 431 kN (97 kips). 


No strand slip was observed to occur during this test. Deflection was 


measured beneath the load point throughout the test and is plotted in Figure 4.25. 
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Figure 4.25 - Load versus Deflection for Test 1-E 
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Flexural cracks were even and well distributed as shown in Figure 4.27. Delamination 
of the topping slab, shown as the horizontal cracks near the top of the member in 
Figure 4.27, occurred in all of the tests due to the shear forces developed at the 
interface between the topping slab and the girder. This was expected behavior and the 
vertical bars which crossed the interface were provided in the design to maintain 


composite action between the topping slab and the girder. 


Strains were measured along the girder surface before and during the test 
using the Whittemore gage mentioned previously. Measurements were taken 
immediately before testing, and then repeated wpon reaching selected load 
magnitudes. These measurements were then used to generate a plot which shows, 


approximately, the variation of strand stress with time. 


In calculating the stress values for this plot, the strand strain before release 
was assumed to be equal to 0.0711, which corresponds to the jacking stress, after 
anchorage losses, of 1407 MPa (204 ksi). To calculate strain changes in the strands, it 
was necessary to assume that the change in strain measured between the embedded 
surface points was reflective of the average change in strain in the nine strands over 
the same distances. This assumption is approximately correct as long as no slip occurs 
between the strand and the concrete. The change in strain due to prestress release, 
calculated from the mechanical gage measurements, was subtracted from the initial 


strand strain to yield the after release strand strain along the length of the girder. 


However, because slip occurs in the transfer region immediately after release, 
the change in concrete strain cannot be assumed equal to the change in strand strain in 
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the transfer region. Thus, 2 linear interpolation was performed assuming that the 
Strand strain varied linearly over the transfer distance determined using the 95% 
average Maximum strain plateau method. In keeping with the simple transfer length 
theory, the strand strain was assumed to vary from zero at the free end of the strand to 
the previously determined after release strand strain at the end of the transfer region. 
The resulting strains were then muluplied by the strand modulus of elasticity to obtain 
the after release variation in average strand stress with distance in the transfer zone as 
shown in Figure 4.26. The elastic modulus of the strand was determined from the 


stress-strain curve in Figure 3.13. 


The changes in strand strain which occurred in the time period between 


release and the day of the test were then subtracted from the after release strain values 
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Figure 4.26 - Approximate Strand Stress at Different Times for Girder 1-E 
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fo yield the strand strain before the test. These values were subsequently used to 
calculate the average strand stress, which is plotted in Figure 4.26. Strain 
measurements were also taken immediately after flexural failure. These values were 
also converted to strand strain and then to steel stress using the stress-strain plot in 


Figure 3.13. These values are plotted as the heavy solid line in Figure 4.26. 


The strain values used to develop this plot do not account for stee] relaxation 
or strand slip during testing, and thus, the steel stress values cannot be considered 
entirely accurate. However, the resulting plot is still quite useful as it shows, 
qualitatively, the variation of strand stress with time. The increases in strand stress 
due to the applied loading can be clearly seen. It is apparent that these increases did 
not reach the transfer region and that the embedment length tested was apparently 
greater than the development length. It is also clear that an increase in strand stress 
had occurred in the transfer region. This appears to result from shear cracks which 


had propagated through or near the strand anchorage region. 


4.7.2. Test 1-W 


Development length testing was performed on end “W” of girder 1 fifty-nine 
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Figure 4.27 - Girder I After Testing 
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days after girder casting. In this test, the load was applied at 2057 mm (81 in.) from 
the end of the member. By this time, the girder concrete had a compressive strength of 
77 MPa (11 ksi), while the topping slab concrete bad obtained a compressive strength 


of 55 MPa (8.0 ksi). 


The test procedure was the same as that used in the first test. Cracking was 
first observed at a load of approximately 356 KN (80 kips), which corresponds to a 
maximum moment of 584 kN-m (431 kip-ft.). A flexural compression failure 
occurred at a load of approximately 534 KN (120 kips), which corresponds to a 
maximum moment of 876 kN-m (646 kip-ft.). The maximum shear at failure was 444 


KN (100 kips). 


No strand slip was observed to occur during this test. The deflection measured 
beneath the load point during the test is plotted in Figure 4.28. Flexural cracking was 


even and well distributed as shown in Figure 4.27. 
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Figure 4.28 - Load versus Deflection for Test 1-W 
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Figure 4.29 shows the variation of average strand stress with distance along 
the girder. This plot was developed following the procedure discussed in the previous 
section. Figure 4.29 clearly shows the increases in strand stress due to the applied 
loading. It is apparent that these increases did not reach the transfer region and that 


the embedment length tested was apparently greater than the development length. 
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Figure 4.29 - Approximate Strand Stress at Different Times for Girder 1-W 


4.7.3 Test 2-W 


Development length testing was performed on end “W” of girder 2 sixty-nine 
days after girder casting. In this test, the load was applied at 1918 mm (76 in.) from 
the end of the member. By this time, the girder concrete had a compressive strength of 
77 MPa (11 ksi), while the topping concrete had a compressive strength of 55 MPa 


(8.0 ksi). 
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Figure 4.30 - Load versus Deflection for Test 2-W 


Cracking was first observed at a load of approximately 356 kN (80 kips), 
which corresponds to a maximum moment of 557 kN-m (411 kip-ft.). A flexural 
compression failure occurred at a load of approximately 534 kN (120 kips), which 
corresponds to a maximum moment of 68] kN-m (502 kip-ft.). The maximum shear 
at failure was 504 KN (113 kips). The deflection measured beneath the load point 
during the test is plotted in Figure 4.30. Flexural cracking was even and well 


distributed as shown in Figure 4.32. 


Eight of the nine strands began to slip at a load of approximately 489 kN (110 
kips). However, the maximum strand slip measured at failure was only 0.127 mm 
(0.005 in.). This strand slip did not appear to adversely affect the behavior of the 
girder and it was concluded that the development length required was shorter than the 


embedment length used in the tests. 
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Figure 4.31 - Approximate Strand Stress at Different Times for Girder 2-W 


Figure 4.31 shows the variation of average strand stress with distance along 
the girder. This plot clearly shows the increases in strand stress due to the applied 
loading. It is apparent that these increases did not reach the transfer region and that 


the embedment length used was apparently greater than the development length. 


In the transfer region, a significant stress increase is seen to occur for loads 
greater than the first slip load of 489 kN (110 kips). This increase is probably due to 


the significant shear cracking observed in the transfer region which had propagated 
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Figure 4.32 - Girder 2 After Testing 
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through the strand anchorage region. The increase in strand stress might have led to 


the small strand slips measured (See Appendix D). 


4.74 Test 2-E 


Development length testing was performed on end “E” of girder 2 seventy- 
six days after girder casting. In this test, the load was applied at 1651 mm (65 in.) 
from the end of the member. By this time, the girder concrete had a compressive 
strength of 77 MPa (11 ksi), while the topping concrete had a compressive strength of 


55 MPa (8.0 ksi). 


Cracking was first observed at a load of approximately 400 kN (90 kips), 
which corresponds to a maximum moment of 555 KN-m (409 kip-ft). A flexural 
compression failure occurred at a load of approximately 601 KN (135 kips), which 
corresponds to a maximum moment of 831 KN-m (613 kip-ft.). This failure occurred 


at a lower moment than expected, apparently due to a poorly compacted section of 
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Figure 4.33 - Load versus Deflection for Test 2-E 
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topping slab near the load point. The maximum shear at failure was 521 KN (117 
kips). The deflection measured beneath the load point during the test is plotted in 


Figure 4.33. Flexural cracking was even and well distributed as shown in Figure 4.32. 


Seven of the nine strands began to slip at a load of approximately 445 kN (100 
kips). However, the maximum strand slip measured at failure was only 0.178 mm 
(0.007 in.). This strand slip did not appear to adversely affect the behavior of the 
girder and it was concluded that the development length required was probably 


shorter than the embedment length used. 


Figure 4.34 shows the variation of average strand stress with distance along 
the girder. This plot clearly shows the increases in strand stress due to the applied 


loading. It is apparent that these increases were close to, but did not reach the transfer 
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Figure 4.34 - Approximate Strand Stress at Different Times for Girder 2-E 
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region and that the embedment length used was apparently greater than the 


development length. 


In the transfer region, a significant stress increase is seen to occur for loads 
greater than the first slip load of 445 kN (100 kips). This increase is probably due to 
the significant shear cracking observed in the transfer region which had propagated 
through the strand anchorage region. The increase in strand stress might have led to 


the small strand slips measured (see Appendix D). 


4.7.5 Test 3-E 


Development length testing was performed on end “E” of girder 3 eighty- 
three days after girder casting. In this test, the load was applied at 1524 mm (60 in.) 
from the end of the member. By this time, the girder concrete had a compressive 
strength of 77 MPa (11 ksi), while the topping concrete had a compressive strength of 


55 MPa (8.0 ksi). 


0) 10 20 30 40 50 60 70 
Deflection at Load Point (mm) 


Figure 4.35 - Load versus Deflection for Test 3-E 
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Cracking was first observed at a load of approximately 445 kN (100 kips), 
which corresponds to a maximum moment of 577 kN-m (425 kip-ft). All nine strands 
began to slip at a load of approximately 534 kN (120 kips). This slip increased rapidly 
as load was increased, ultimately reaching a maximum slip of 2.29 mm (0.09 in.), as 
shown in Appendix D. A sudden and violent shear failure occurred at a load of 
approximately 672 kN (151 kips), which corresponds to a maximum moment of 831 
kN-m (613 kip-ft.). The strand slip led to the sudden shear failure. The maximum 


shear at failure was 587 kN (132 kips). 


The deflection measured beneath the load point during the test is plotted in 


Figure 4.35. Flexural cracking was even and well distributed as shown in Figure 4.37. 


Figure 4.36 shows the variation of average strand stress with distance along 
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Figure 4.36 - Approximate Strand Stress at Different Times for Girder 3-E 
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the girder. This plot clearly shows the increases in strand stress due to the applied 
loading. It is apparent from this figure that the flexural bond stress increase had 
reached the end of the transfer region at failure. This behavior indicates that the 


embedment length used was probably the minimum development length required. 


In the transfer region, a significant increase in strand stress is seen to occur for 
loads greater than the first slip load of 534 kN (120 kips), due to the significant shear 
cracking which had propagated through the strand anchorage zone. However, due to 
the strain incompatibility resulting from the large strand slip, the accuracy of the 


strand stress plot is questionable. 


E North Side W 
Figure 4.37 - Girder 3 After Testing 


4.7.6 Test 3-W 


Development length testing was performed on end “W” of girder 3 ninety 
days after girder casting. In this test, the load was applied at 1497 mm (59 in.) from 
the end of the member. By this time, the girder concrete had a compressive strength of 
77 MPa (11 ksi), while the topping concrete had a compressive strength of 55 MPa 


(8.0 ksi). 


Cracking was first observed at a load of approximately 445 kN (100 kips), 


which corresponds to 2 maximum moment of 559 kN-m (419 kip-ft). All nine strands 
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Figure 4.38 - Load versus Deflection for Test 3-W 


began to slip at a load of approximately 445 KN (100 kips). This slip increased rapidly 
as load was increased, ultimately reaching a maximum slip of 2.03 mm (0.08 in.). At 
a load of approximately 645 kN (145 kips), corresponding to a maximum moment of 
831 kN-m (613 kip-ft.), a flexural compressive failure occurred. When this failure 
occurred, several very large shear cracks opened near the load point. The strand slip 


was the apparent cause of this failure. 


The maximum shear at failure was 552 kN (124 kips). The load is plotted 
against the deflection measured beneath the load point in Figure 4.38. Flexural 


cracking was even and well distributed as shown in Figure 4.37. 


Figure 4.39 shows the variation of the average strand stress with distance 
along the girder. This plot clearly shows the increases in strand stress due to the 
applied loading. It is apparent from this figure that the flexural bond stress increase 


had propagated close to the end of the transfer region at a load of 623 kN (140 kips). 
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In the transfer region, a significant increase in strand stress is seen to occur for 
loads greater than the first slip load of 445 kN (100 kips), due to the significant shear 
cracking which had propagated through the strand anchorage zone. However, due to 
the strain incompatibility resulting from the large strand slip, as mentioned 


previously, the accuracy of the strand stress plot is questionable. 


Strand Stress (MPa) 
3 


800 
600 Before Release 
400 ———-— After Release 
Before Test 
200 = = = =534kN 
0 
0 500 1000 1500 2000 2500 3000 3500 
Distance Along Girder (mm) 


Figure 4.39 - Approximate Strand Stress at Different Times for Girder 3-W 


4.7.7 Summary of Results 


Both ends of girder 3 were tested at an embedment length of approximately 
1524 mm (60 in.) and exhibited significant strand slip at failure. Additionally, the 
strand stress plots for the last two tests show that the flexural bond stress reached the 
transfer region at failure. These factors indicate that the development length for the 


girders is approximately 1524 mm (60 in.). However, it is important to note that 
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strand slip was first observed in test 2-E at an embedment length of 1918 mm (76 in.). 


Nonetheless, no bond-slip failure was observed to occur in test 2-E. 


In all of the tests, increases in strand stress occurred in the transfer region. 
This was apparently due to shear cracking in the transfer region which had propagated 
through the strand anchorage Zone. It is, however, unclear how these increases might 


have affected the behavior of the girders. 


Results pertaining to each of the tests are summarized in Table 4.11. 
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Table 4.11 - Summary of Development Length Test Results 


Test Designation 


Concrete Age 
50 59 76 8&3 
on eee eS 


Girder 
Compressive 

Strength 76.0(11.0) | 765(41.1)| 76.9(112) | 77.1(11.2) | 77312) 
MPa (ksi) 
Topping Slab 
Compressive 

Strength | “470 | 54960 | 5510) | 552@0 
MPa (ksi) 


Embedment 
Length 2159 (85) ma ma eo eo 1651 Eo ES ES 
num (in.) 


Failure a 
pairs 
ere ia 
kN-m Nom (kip-f p-ft.) = 
kN (ki DS) 


eee 
Maximum 


Slip 6 jaan orem 20m] | acon 
mm co 


= 
Shear 
[(J)Includes girderselfweight———“‘“*S™*™*™*s~s~s—‘“—~sSsSsSCSSCSCiCS 


(1) Includes girder self weight 


11/11/96 


F135 (112) 


55.3 (8.0) 55.3 (8.0) 


1497 (59) 
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5. DISCUSSION OF TEST RESULTS 


5.1 FLEXURE AND SHEAR STRENGTH 


Flexural strength was calculated for each of the girders using the formulas 
given in Section 9.17.2 of the AASHTO Specifications [1]. Shear strength was 
calculated for each of the girders using the formulas given in Section 9.20 of the 
AASHTO Specifications. The material properties measured at the time of each test 
were used in these calculations. The results of these calculations and the measured 
values from the tests are shown in Table 5.1. The maximum moment, Mie, and the 


maximum shear, Vies, Shown in Table 5.1 include the girder self weight. 


Table 5.1 - Comparison of Calculated Flexure and Shear Strength to the Maximum 


Values Obtained in the Tests 
ML: Vest Vn, AASHTO 
M, assuro | KN (kips) | KN (Kips) 


925 (682) 872 (643) | 1.06 | 43297) | 628 (141) 


) 
li 
521 (117) 
3-W 


The failure moments developed in all the tests were close to the nominal 


907 (669) 874 (644) 


moment strength predicted using the AASHTO formula. In two of the six tests, 
however, the measured failure moment was somewhat less than the value predicted by 
the AASHTO formula. For test 3-W, the bond failure observed probably led to the 


lower than predicted failure moment. The failure moment for test 2-E was lower than 
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predicted probably due to a premature compression failure of a poorly compacted 


section of topping slab near the load point. 


The maximum measured shear in the girder tests never reached the shear 
capacity calculated with the AASHTO Specifications. However, both ends of girder 3 
failed, in whole or in part, by shear. It appears that the strand slip observed in both of 


these tests led to the premature shear failures. 


5.2 TRANSFER LENGTH 


5.2.1 Comparisons with Design Formulas 


The average measured transfer length for these girders and the transfer length 
calculated using the AASHTO formula are shown in Table 5.2. Calculation of the 
transfer length using the AASHTO formula required the calculation of the effective 
prestress, fre. The AASHTO Specification defines this value as the strand stress after 
all losses have occurred. Losses typically reach approximately constant values after 2 
or 3 years. For the girders in the test program, the last prestress loss measurements 
were taken ninety days after casting. Thus, in order to calculate a representative value 
for the effective prestress, a time step procedure [17] was used to estimate long-term 


prestress losses. 


After three years, the total prestress loss was calculated to be 455 MPa (66 
ksi). This yields an effective prestress of 952 MPa (138 ksi). Substituting this value 


into the AASHTO formula for transfer length, with a strand diameter of 15.2 mm (0.6 
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Table 5.2 - Measured and Calculated Values of Transfer Length for the Girders 


Estimated Total | Estimated Effective Li test Liaasato | Ly sasnto 
Prestress Losses Prestress, fi. mm (in.) mm (in.) L 
MPa (ksi) MPa (ksi) = 


455 (66) 952 (138) 593 (23.4) | 701 (27.6) 
in.), yields a transfer length of 701 mm (27.6 in.). This value is 18% greater than the 
average transfer length, Lites, measured tight after stress transfer. These results are 


summarized in Table 5.2. 


5.2.2 Sources of Errors 


The accuracy of the determination of transfer length depends primarily on the 
accuracy of the strain data measured. Errors in strain readings can be introduced 
directly through human errors, resolution of reading devices, and poorly anchored 
target points. Errors due to these factors are thought be insignificant as every effort 


was made to reduce these sources of error to the minimum possible. 


Errors can also be introduced as a result of temperature changes in the 
concrete. The most significant temperature changes occurred during girder curing as a 
result of the heat generated by concrete hydration. For these girders, initial strain 
readings were not taken until 41 hours after girder casting by which time the 
temperature in the concrete had dropped to the surrounding ambient temperature. 


Thus, errors due to these effects are thought to be minor. 


133 


$5.3 DEVELOPMENT LENGTH 


5.3.1 Comparisons with Design Formulas 


The AASHTO formula was used to calculate the development length for 
comparison to the experimental results. The strand stress at failure, f,,, was calculated 
using AASHTO Eg. (9-17). The effective prestress used was the same as that used in 
the transfer length calculations (see Table 5.2). Using these values, the AASHTO 


formula yields a development length of 2332 mm (91.8 in.). 


As shown in Figure 2.5, the AASHTO equation is expected to yield values 
which fall between the embedment length at which slip first occurs and the 
embedment length at which general bond failure occurs [20]. In the girder tests, slip 
was first observed at an embedment length of 1930 mm (76 in.). General bond failure 
was first observed at an embedment length of 1524 mm (60 in.). The development 
length calculated using the AASHTO formula is 21% greater than the embedment 
length, Lestip, at which slip first occurred and 53% greater than the embedment Jength, 


Le.bona, at Which general bond failure occurred. 


Table 5.3 - Measured and Calculated Values of Development Length for the Girders 


L @,AASHTO 


L e,bond 


1930(76)_| 1524 (60) | 2332.,(91.8)|_ 1.21 | 1.53 | 
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5.4 COMPARISON WITH PREVIOUS STUDIES 

Reported values of transfer length from recent studies on 15.2 mm (0.6 in.) 
diameter strand range from 363 mm (14.3 in.) to 1417 mm (55.8 in.). In agreement 
with those studies using high strength concrete, the results from this study fall near 


the lower end of this range [9, 16]. 


Reported values of development length from recent studies using 15.2 mm 
(0.6 in.) diameter strand range from 762 mm (30 in) to 3353 mm (132 in.). Once 
again, in agreement with those studies using high strength concrete, the results from 


this study fall near the lower end of this range. 


Transfer and development lengths were calculated for the girders using the 
equations, as listed in Table 2.1, proposed by various researchers. The values used in 
the calculations are shown in Table 5.4. The strand stress values at various times were 
derived using the methods and values presented in the preceding sections. The 


material properties and the end slip, d,y,, are the average of the experimental data 


Table 5.4 - Values used in Proposed Equations 


Variables used (average values): 
Strand Stress Immediately Prior to Release 
Initial Prestress 
Effective Prestress 
Strand Stress at Ulttmate Flexural Capacity 
: Strand Strain at Ultimate Flexural Capacity 
(0.6+408; ) 
d; in mm (in.) Nominal Strand Diameter 
|_ fein Pa (psi) _| 


ns Concrete Compressive Strength at 28 Days | 77221 (11200) 
End Slip of Strand at Transfer 1.50 (0.059) 
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Table 5.5 - Transfer and Development Lengths from Proposed Equations 


mm (in.) mm (in.) 


1605 (652) 
[Buckner | 932367) | 2629 (103.5) _ 
Measured 


obtained in this study as presented in Chapters 3 & 4. 


The results calculated with the proposed equations are shown in Table 5.5. 
Most of the proposed formulas, except the formulas proposed by Mitchell et al. and 
the slip theory, substantially overestimate the transfer and development length for 
these members. Overall, the formulas proposed by Mitchell et al. yield results closest 
to the measured values of transfer and development length. Their equations are based 
on tests which included members with high strength concrete. They have found that 
members made of higher strength concrete have shorter transfer and development 
lengths, and their equations include a concrete strength factor to account for this 


effect. 
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6. SUMMARY AND CONCLUSIONS 


6.1 SUMMARY 

This study investigated the transfer and development length of Grade 270, 
15.2 mm (0.6 in.) diameter prestressing strand spaced at 51 mm (2 in.) on center in 
high performance concrete. Three box girders with composite topping slabs were 
tested in the program. These girders were 381 mm (15 in.) wide, 553 mm (21.8 in.) 
high and spanned 10185 mm (401 in.). Concrete compressive strength for the main 
girder section was approximately 54 MPa (7.8 ksi) at release and 77 MPa (11 ksi) at 
the time of development length tests. The girders were pretensioned using nine 
strands with a strand stress just before release of approximately 1407 MPa (204 ksi). 


The strand was supplied by a single manufacturer. 


6.2 CONCLUSIONS 


The conclusions of this study are as follows: 


1. The average transfer length for the girders was determined to be 593 mm (23.4 


in.) at release and 633 mm (25 im.) at 28 days. 


2. The development length for the girders was determined to be about 1524 mm (60 


in.). 


137 


. The AASHTO/ACT formulas for transfer and development length overestimate the 
transfer and development lengths for these girders. The formula for transfer length 
yields a value 1.18 times the average value measured nght after stress release. The 


formula for development length yields a value 1.53 times the measured value. 


. With the exception of the Slip Theory and the formulas recommended by Mitchell 
et al., the equations for transfer and development length selected from the 
literature generally overestimate the results from this study. Mitchell et al.’s 
formula for transfer length underestimates the average measured transfer length by 
a factor of 0.96, while their formula for development length overestimates the 


measured value by a factor of 1.05. 
. The average pullout strength for the untensioned strand was 215 KN (48.3 kips). 
. The average strand slip measured at prestress release was 1.49 mm (0.059 in.). 


. The ACI equation for the modulus of rupture of concrete appears to be 
conservative for the 69 MPa (10 ksi) concrete used in this study, while the 
equation for the modulus of elasticity tends to yield values higher than the 
experimental values. For the modulus of elasticity, the equation proposed by 
researchers at Cornell University provides a good correlation with the 


experimental data. 


. The camber calculated with the time-step method, based on the measured creep 
data, appears to be much higher than the measured cambers. A much better 


correlation between the measured and the calculated cambers is obtained when the 
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creep strain is calculated with an empirical equation based on the ultimate unit 
creep strain recommended by researchers at Cornell University for 69 MPa (10 


ksi) concrete. 
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APPENDIX A. CONCRETE STRESS-STRAIN PLOTS 


Piots of stress-strain curves for the girder concrete are presented in this 


appendix. 
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- Stress-Strain Curves for Air Cured Girder Concrete at 2 Days 
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Figure A.2 - Stress-Strain Curve for Moist Cured Girder Concrete at 7 Days 
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Figure A.3 - Stress-Strain Curve for Air Cured Girder Concrete at 7 Days 


145 


Stress (MPa) 


7 


50 


Stress (MPa) 


10 


0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 
Strain (mm/omm) 


Figure A.4 - Stress-Strain Curves for Moist Cured Girder Concrete at 15 Days 
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Figure A.5 - Stress-Strain Curve for Air Cured Girder Concrete at 15 Days 
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Figure A.6 - Stress-Strain Curve for Moist Cured Girder Concrete at 28 Days 
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Figure A.7 - Stress-Strain Curve for Air Cured Girder Concrete at 28 Days 
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Figure A.8 - Stress-Strain Curve for Air Cured Girder Concrete at 50 Days 
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Figure A.9 - Stress-Strain Curve for Moist Cured Girder Concrete at 65 Days 
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Figure A.10 - Stress-Strain Curve for Air Cured Girder Concrete at 65 Days 
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Figure A.l1 . Stress-Strain Curve for Moist Cured Girder Concrete at 79 Days 
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Figure A.12 - Stress-Strain Curve for Air Cured Girder Concrete at 79 Days 
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APPENDIX B. GIRDER CONCRETE CREEP PLOT 


A plot of the creep data obtained by CTL-Thompson for the girder concrete is 


shown in this appendix. 
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Figure B.1 - Girder Concrete Creep Plot (CTL/Thompson) 
(1 psi = 6.89 x 10° Pa) 
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APPENDIX C. GIRDER CURING TEMPERATURE PLOTS 


Temperatures measured by the thermocouples in each of the girders over the 


first 21 hours after casting are shown in the plots in this appendix. 
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Figure C.1 - Curing Temperatures for Girder 1 


Temp (Deg. C) 
cos SSB SESBSSSS 


012 3 4 5 6 7 8 § 140 11 12 13 14 15 16 17 18 19 20 
Hours After Girder Casting 


Figure C.2 - Curing Temperatures for Girder 2 
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Figure C.3 - Curing Temperatures for Girder 3 
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APPENDIX D. STRAND SLIP PLOTS 


Strand slips measured by the LVDT’s during each girder test are shown in this 


appendix. Only the results from tests in which strand slip occurred are shown. 
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Figure D.1 - Strand Slip Measurements from Test 2-W 
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Figure D.2 - Strand Slip Measurements from Test 2-E 


162 


Strand Slip (mm) 


Strand Slip (mm) 


Strand Slip (mm) 


Strand Slip (mm) 
Strand Slip (mm) 


Figure D.3 - Strand Slip Measurements from Test 3-E 
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Figure D.4 - Strand Slip Measurements from Test 3-W 
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APPENDIX E. STRAND CHEMICAL TEST RESULTS 


The results of chemical tests performed on samples of strand by Hauser 
Chemical Research Company are presented in this appendix. These strand samples 


were taken from the same roll of strand as the strand used in the test girders. 
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HAUSER’ 


June 10, 1997 
Test Report No. M8001 1 


CLIENT: University of Colorado at Boulder 
Dapartment of Civil, Environmental and 
Architectural Engineering 
Boulder, CO 86308-0428 


Attn: Protessor P. Benson Shing 


MATERIALS: Two coated metal samples received 5/9/97 not labeled, described as: 


1. Braided Metal Cable 
2. Braided Meta) Cable 


TESTS: Determine amount of phosphate coating on braided steel cable using 
the chent-supplied method below: 


TEST METHOD: The sub-sample was prepared by cutting each of the 7-wire samples 
received tor testing into sections varying fromm 1 3/16 to 1 3/4” long. 
The weight af each segment was messured to 0.1 mg. 


A stripping solution consisting of 20% (w/w) chromium trioxide was 
heated to 180 - 200°C. A section of the test wire was weighed to 0.1 
mg and its surface area was determined in square inches. The wire 
was immersed in the hot stripping solution for two minutes. The wire 
was removed and rinsed promptly in cold running water. The wire 
was dried by dipping in acetone and holding the wire in front of a fan. 
The stripped wire was reweighed. 


The wire sections were identified as 125-n for Sarnple #1 and 126-n 
for Sample #2. 


This report. appline te the aemple, or eamples, invastigated and is not nesoswarlly indicative of the quality ar condition 
of apparently ticel or similar products. Az a mutual protection to clisuta, the public and these Laboratories, this 
Seport ia enbeitted and accepted for the exclusive use of the cliant to whom it is addressed and won the condition that 

it is not to be weed, in whole or in part, in any advertieing or publicity mattar without prior weitcan inthorizetion fron 
Hauser Laboratories. This report may be copied only in itp entirety. 


HAUSER CHEMICAL RESEARCH, INC. n 
5555 Alrpor Blvd, = Boulder. CO 80301-2339 « Ph: (303) 443-4662 © FAX: (303) 441-5800 ud 
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June 10, 1997 
Test Report No. M80011 
Page 2 of 3 


The length of each cut section was measured using a dia! caliper, The 
diameters were measured twice, at 90°, and the average was 
reported. The surface area of the wire was calculated without 
considaring the cut ends. 


RESULTS: The results of the stripping operations are given in Tables | and ll. 


Mass PHOSPHATE, 
MG/sO IN. 


7.0760 

6.5082 

6.5649 

6.6265 

F 7.0946 

125-8 : : ? 7.1611 
125-9 . : . 7.7618 
125-10 . 3 . 7.1328 
125-11 : k . 6.7995 
425-12 7 - - 6.2680 
125-13 . ; i 7.3887 
125-14 : B : 6.7070 
125-15 ; . . 7.0705 
125-16 : : : 6.5830 
125-17 : : i 6.5170 
425-18 : : : 6.7805 
125-18 : . , 6.4959 
125-20 . : - 6.5824 
125-21 : . . 6.5061 


Averages 0.1982 6.8431 6.8393 3.470 
Standard deviations 0.0037 0.3654 0.3655 4.030 
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126-1 
126-2 
126-3 
t254 
126-6 
126-7 
126-8 
126-9 
126-10 
126-11 
126-12 
126-13 
126-14 
126-15 
126-16 
126-17 
1286-38 
126-19 
126-20 
126-21 


Averages 
Standard deviations 


COMMENTS: 


WORK PERFORMED BY: 


LENGTH 


1.390 
1,306 
1.481 
1.769 
1.425 
1.737 
1.424 
1.742 
1.736 
1.754 
1.467 
1.460 
1.492 
1.733 
1.393 
1.392 
1.491 
1.478 
1.421 
1.455 


Table Il 


DIAMETER 


0.71964 
0.1973 
0.1988 
0.1872 
0.1967 
0.2069 
0.1968 
0.1963 
0.1962 
0.1964 
0.1965 
0.2071 
0.1972 
0.1964 
0.2069 
0.1972 
0.19871 
0.1966 
0.1965 
0.1973 


0.1983 
0.0038 


Mass 
BEFORE 


STRIPPING 


6.0252 
0.6286 


June 10, 1997 
Test Report Ne. M8001 1 
Page 3 of 3 


Mass 
AFTER 


STRIPPING 


5.4022 
5.4007 
5.6143 
6.8556 
5.4607 
7,4463 
5.4899 
6.7331 
8.7083 
86,8004 
5.6865 
6.2653 
5.8236 
6.7286 
5.9738 
5.41965 
5.8056 
5.7054 
5.4855 
§.6281 


6.0217 
0.6286 


Perry Christopher, Technician I! - 


Wés2 BY: 
al mor 


Senior Chemist 


PHOSPHATE, 
MG/SO IN. 


3.6791 
0.9911 


Section 126-5 was damaged during processing and was deleted from 
the data set. 


REPORT REVIEWED BY: 


/ Hh Elverum 
Staff Chemist 
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